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ABSTRACT 
The rumen is home to a diverse population of microorganisms encompassing 
all three domains of life: Bacteria, Archaea, and Eukarya.  Viruses have also been 
documented to be present in large numbers; however, little is currently known about 
their role in the dynamics of the rumen ecosystem.  This research aimed to use a 
comparative genomics approach in order to assess the potential evolutionary 
mechanisms at work in the rumen environment.  We proposed to do this by first 
assessing the diversity and potential for horizontal gene transfer (HGT) of multiple 
strains of the cellulolytic rumen bacterium, Ruminococcus flavefaciens, and then by 
conducting a survey of rumen viral metagenome (virome) and subsequent comparison 
of the virome and microbiome sequences to ascertain if there was genetic information 
shared between these populations.  We hypothesize that the bacteriophages play an 
integral role in the community dynamics of the rumen, as well as driving the 
evolution of the rumen microbiome through HGT.  In our analysis of the 
Ruminococcus flavefaciens genomes, there were several mobile elements and 
clustered regularly interspaced short palindromic repeat (CRISPR) sequences 
detected, both of which indicate interactions with bacteriophages.  The rumen virome 
sequences revealed a great deal of diversity in the viral populations.  Additionally, the 
microbial and viral populations appeared to be closely associated; the dominant viral 
types were those that infect the dominant microbial phyla.  The correlation between 
the distribution of taxa in the microbiome and virome sequences as well as the 
presence of CRISPR loci in the R. flavefaciens genomes, suggested that there is a 
“kill-the-winner” community dynamic between the viral and microbial populations in 
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the rumen.  Additionally, upon comparison of the rumen microbiome and rumen 
virome sequences, we found that there are many sequence similarities between these 
populations indicating a potential for phage-mediated HGT.  These results suggest 
that the phages represent a gene pool in the rumen that could potentially contain 
genes that are important for adaptation and survival in the rumen environment, as 
well as serving as a molecular ‘fingerprint’ of the rumen ecosystem.     
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CHAPTER 1.  LITERATURE REVIEW 
 
MICROBIAL ECOLOGY OF THE RUMEN 
 
The rumen environment is home to a diverse population of microbes 
encompassing all three domains of life: Bacteria, Archaea, and Eukarya (68, 112).  
Bacteria, comprising 200 species, are predominant with up to 1010 - 1011 viable cells 
per gram of rumen contents (39, 91).  In a recent gene-centric metagenomic study of 
the rumen microbiome, it was shown that the Firmicutes, Proteobacteria and 
Bacteroidetes were the dominant phyla within the Bacteria in both the fiber-
associated and liquid fractions of the rumens of steers that have fully adapted to a 
high-fiber diet (15).  A variety of protozoa occur at 104 - 107 per ml encompassing 25 
genera (24, 25).  The anaerobic fungi are widely distributed with zoospore population 
densities of 103 - 105 per ml divided into four genera (69). The Archaea are estimated 
to compose 0.5 - 3% of the total rumen microbial population, based on 16S rRNA 
analyses (54, 114) and this is also consistent with the results of the rumen 
metagenome study in which ~2.3% of the environmental gene tags were represented 
by Archaea (15).  
The majority of research involved in the examination of the rumen ecosystem 
has focused on determining the structure of the microbial communities as well as 
giving insights into the possible metabolisms at work, especially those aimed at the 
degradation of lignocellulosic material that makes up plant cell walls (15, 32, 49, 50).  
The structure of the bacteriophage communities, however, is not well known.  The 
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occurrence of bacteriophages in the rumen has been documented at 107 - 109 particles 
per ml (45, 46).  The large numbers of rumen bacteriophages suggests that they play a 
role in the population dynamics of the rumen bacteria.  The bacteria undergo phases 
of spontaneous lysis due to the phage populations, which, in turn, reduces the ability 
of the ruminant to convert feed to energy (46).  Previous studies have shown that the 
phage population is diverse and unique to the individual, much like the bacterial 
populations (45, 100).  The phage population may also be influenced by diet (100).  
In animals fed once per day, the total phage populations have been shown to 
fluctuate, dropping to their lowest levels approximately two hours after feeding and 
reaching their highest levels eight to ten hours after feeding, before finally declining 
to a stable level.  Animals fed continuously are predicted to have less variation in 
their phage populations.  The bacteriophages are also predicted to be involved in 
recycling of proteins in the rumen, which could decrease the efficiency of feed 
utilization by the animal (100).  The limited information currently available for the 
rumen bacteriophages and their role in the dynamics of the rumen ecosystem 
indicates that further study of these populations is required to determine their 
importance to the rumen ecosystem.   
 
RUMINOCOCCUS FLAVEFACIENS 
 
Ruminococcus flavefaciens, one of the predominant cellulolytic bacteria in the 
rumen (16, 19), was first isolated from the rumen of a cow by Sijpesteijn in 1948.  
Bacteria in the species R. flavefaciens are anaerobic cocci that grow in pairs or chains.  
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The cells are typically 0.7-1.6 µm in width.  The cell wall structure is Gram-positive, 
though many stain Gram-negative.  When grown on cellobiose or cellulose, most 
strains produce a yellow color.  Growth temperatures range from about 20-30oC to 
45oC, but optimal growth occurs at temperatures between 37oC and 42oC.  The mol% 
G + C of the DNA is 39-44 (18).  
R. flavefaciens uses cellulose, cellobiose and, to a lesser extent, mannose and 
fructose as energy sources.  It is unable to transport glucose into the cell, and instead 
has a transport system for cellobiose, and possibly for cellotriose (38).  Though it 
grows well on cellulose, cellulose derivatives, such as methylcellulose and 
hydroxyethylcellulose, have been found to inhibit growth (75, 85).  In addition to the 
carbon sources used for energy, CO2 or bicarbonate is also essential for biosynthetic 
purposes, particularly for those strains producing large amounts of succinate, and for 
fixing CO2 (17, 18, 92).  Fermentation of cellulose results in production of succinate, 
acetate, and formate, but not ethanol (17).  Hydrogen and CO2 gasses may also be 
produced during fermentation, though they are not produced in abundance (2).  The 
presence of a methanogen, however, causes a shift in the primary fermentation 
products, resulting in a significant increase in acetate production and decrease in 
succinate production due to interspecies hydrogen transfer (53, 113).   
R. flavefaciens uses ammonia as its sole nitrogen source.  However, if a 
nitrogen source is provided, growth can then be stimulated by casein hydrolysates or 
amino acids (17, 21).  The requirements for B-vitamins are met by biotin, p-
aminobenzoic acid, and, in most strains, pyridoxine (B6) (20).  In the presence of a 
complete mixture of vitamins, p-aminobenzoic acid was found to stimulate growth, 
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but was essential when only the vitamins affecting growth were present, suggesting 
that this requirement could be fulfilled by a combination of other vitamins (20).  
Volatile fatty acids are also essential for the growth of most strains, especially 
isovalerate, 2-methybutyrate, and isobutyrate.  Most strains also utilize sulfide, and 
sometimes methionine, as the sulfur source (18). 
 
THE CELLULOSOME 
 
Ruminococcus flavefaciens exhibits the most complex cellulosome discovered 
to date (10, 80).  The cellulosome is defined as a multienzyme complex that degrades 
complex plant cell wall polysaccharide substrates (e.g. cellulose and non-cellulosic 
structural polysaccharides) (4).  Cellulose binding is often a characteristic feature of a 
cellulosome, but is not always strictly associated with the cellulosome (4).  Edward 
Bayer and Rafael Lamed first identified the cellulosome in 1983 when they observed 
and characterized an extracellular multisubunit complex produced by Clostridium 
thermocellum that exhibited adherence to cellulose as well as cellulolytic activity (6, 
52).  This complex was originally termed a cellulose-binding factor (CBF), but 
renamed cellulosome shortly after its discovery. 
 A multitude of enzymes is required for the degradation of the complex 
polysaccharides, cellulose and non-cellulosic structural polysaccharides, that make up 
plant cell walls.  The cellulosome enables many different enzymes in different 
combinations and configurations to be in close proximity with the substrate such that 
they act synergistically to degrade the plant cell wall.  The cellulosome not only 
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brings the enzymes into close proximity to the substrate, but the bacterium itself is 
brought to the substrate such that it is able to use the products of degradation for its 
own energy needs. 
The cellulosome has many different components that make up the total 
architecture of the complex (Figure 1.1).  The primary structural component is the 
scaffoldin.  The scaffoldin structure in itself is nonenzymatic, but it is responsible for 
integrating all the different cellulosomal enzymes into the complex.  The scaffoldin is 
made up of many copies of a hydrophobic domain of about 140 amino acid residues 
called a cohesin (72).  Generally speaking, the presence of a cohesin module defines a 
scaffoldin, that is any cohesin containing structure could be termed a scaffoldin (4).  
The structure of the cohesin domain typically consists of a jellyroll topology that 
folds into a nine-stranded β-sandwich, the core of which is made up of aromatic, 
hydrophobic residues (93). 
The cohesin domains within the scaffoldin interact with dockerin domains on 
the cellulosomal enzymes to incorporate those enzymes into the complex.  The 
presence of a dockerin module linked to an enzyme distinguishes that enzyme as 
being cellulosome-associated as opposed to a free enzyme.  Dockerin domains are 
characterized by an approximately 22-residue repeated sequence (4, 5), the first 12 
residues of which bear a resemblance to the calcium-binding loop of the EF-hand 
motif.  
The cohesin-dockerin interaction is one of the strongest and most stable 
protein-protein interactions found in nature (4).  The interaction is dependent upon 
calcium, which is associated with the structure of the dockerin domain.  The amino 
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acid sequence for dockerin modules is highly conserved, but the cohesin-dockerin 
interaction shows remarkable specificity according to the type of dockerin and 
cohesin involved.  An organism will only recognize its own dockerin-containing 
enzymes and not those of another species.  Four residues in positions 10 and 11 of the 
first 12 residues of the 22-residue duplicated sequence, which also corresponds to the 
calcium-binding loop of the EF-hand motif, were suspected to be responsible for the 
cohesin-dockerin specificity (72).  Mechaly et al. (63, 64) proved that the four 
residues were in fact the residues that determined the specificity of the cohesin-
dockerin interaction by making mutants of the cellulosomal enzymes CelS from C. 
thermocellum and CelA from C. cellulolyticum that switched the amino acid residues 
of positions 10 and 11 such that they would be the same as those of the other species.  
They found that the cohesin module would recognize its own species as well as the 
mutant from the other species, but also retained recognition to the mutant from its 
own species (63, 64).  Therefore, there must be other factors involved in determining 
specificity besides these four residues, as they were not able to fully destroy the 
intraspecies recognition.  The crystal structure of a cohesin-dockerin complex 
revealed that hydrophobic interactions and interactions via hydrogen bonding are also 
of importance to the cohesin-dockerin interaction (23).   
The cellulosome also has some way of anchoring itself to the cell and binding 
to the substrate.  Some organisms contain a carbohydrate-binding module (CBM) in 
the scaffoldin, while others have a separate component that allows the cellulosome to 
bind to the substrate.  The cellulosome will typically contain an anchoring protein that 
attaches to the cell wall and contains a cohesin that is able to interact with a dockerin 
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on one of the main scaffoldins to attach the entire cellulosome to the cell.  In C. 
thermocellum and many other cellulosome-producing organisms, the anchoring 
protein contains an SLH (S-layer homology) domain that attaches to the cell surface 
(8).  
Cellulosomes have been identified in many species of bacteria showing that 
they are commonly occurring in nature (5).  Each species, and in some cases each 
strain, differs in the architecture and assembly of the cellulosome.  Some of these 
differences can include the number of scaffoldins produced, the number and/or type 
of cohesins within a scaffoldin, or the method of attachment to the substrate or cell 
wall. 
 There are many differences that have been observed between strains of R. 
flavefaciens.  Much of the cellulosome work in R. flavefaciens began in strain 17, the 
architecture of which can be seen in Figure 1.2A.  The main scaffoldin, ScaB, 
contains seven cohesins which interact with the dockerin of another scaffoldin, ScaA 
(26, 81).  ScaA contains three cohesins, which interact with the dockerin of a third 
scaffoldin, ScaC, as well as other enzymes that recognize the ScaA cohesins (81).  
ScaC is the smallest of the three scaffoldins, containing a single cohesin that interacts 
with dockerin modules on certain enzymes.  ScaC also contains a dockerin module 
that interacts with the ScaA cohesins (82).  Thus, ScaC acts as an adapter scaffoldin 
to incorporate additional enzymes into the cellulosome.  Overall, this architecture 
allows for 21 different enzymes to be incorporated into the cellulosome complex 
based on the number of available cohesins.  The entire cellulosome is then attached to 
the cell surface by an anchoring protein called ScaE.  ScaE contains a cohesin that is 
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specific for the dockerin module on the N-terminal end of ScaB.  ScaE also contains 
an LPXTG-like motif on its C-terminus that allows it to attach to the cell surface via a 
sortase-mediated mechanism (79).  There are no CBMs within any of the scaffoldin 
subunits of R. flavefaciens 17, but it is able to bind to the substrate by incorporating a 
CttA protein (cotton-binding protein) into the cellulosome. 
 Currently, R. flavefaciens strain FD-1, which was isolated from a pill 
containing ruminal organisms (22), has been sequenced to approximately 29X 
coverage based on an estimated genome size of 4.4 Mb (10).  Bioinformatic analysis 
of the genome has revealed a myriad of plant cell wall degrading enzymes (10), and 
the arrangement of these enzymes into a highly structured cellulosome has been 
investigated (43, 80).  R. flavefaciens FD-1 produces a cellulosome that is similar to 
that of strain 17, but with some notable differences (Figure 1.2B).  The ScaB 
scaffoldin from strain FD-1 contains nine cohesins, four of which are ScaA-like and 
five of which are ScaB-like, meaning that the ScaA dockerin recognizes the five that 
are ScaB-like, while the ScaC dockerin and the dockerins of the same enzymes that 
recognize ScaA will interact with the four ScaA-like cohesins.  ScaA in strain FD-1 
only has two cohesins, which interact with the dockerin of ScaC and of various 
cellulosomal enzymes.  ScaC in strain FD-1 shares much similarity with ScaC from 
strain 17, containing a single cohesin and a dockerin.  ScaE from strain FD-1 is also 
very similar to ScaE from strain 17 with a cohesin at the N-terminus and an LPXTG 
motif for sortase mediated cell wall attachment at the C-terminus (43).  Strain FD-1 
also has a CttA, like strain 17, but also has an additional cotton-binding protein, CttB.  
Unlike strain 17, however, strain FD-1 can only incorporate 14 dockerin-containing 
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enzymes into the cellulosome based on the number of available cohesins.  Other 
potential scaffoldins up to ScaM have been identified in strain FD-1, but have yet to 
be verified experimentally.   
The comparison of R. flavefaciens strains 17 and FD-1 shows how diverse the 
cellulosome can be between two strains of the same species (43).  However, there is 
still much conservation in the overall architecture and gene organization of the 
cellulosomal components in these strains.  Comparison of strains FD-1 and 17 to four 
other R. flavefaciens strains revealed that the gene organization of the scaffoldin (sca) 
gene cluster is similar for all strains of R. flavefaciens examined (44).  In this 
analysis, they found that there was a great deal of sequence similarity in the 
intergenic regions of the sca gene cluster, but the genes themselves were divergent.  
This led them to propose the possibility of using the scaC gene as a tool for 
phylotyping strains of R. flavefaciens in the rumen, which could be useful in 
identifying new R. flavefaciens strains in metagenomic studies and determining the 
relationships between them (44). 
 
METAGENOMICS 
 
Our view of microbial diversity has changed greatly over the past few decades 
as molecular-based methods for studying biodiversity have become prevalent.  
Traditionally, a pure-culture approach was used to study microbial life, and 
characterizations were made using morphology and nutritional criteria.  The culture-
based approaches, however, severely limited our view of microbial diversity because 
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the majority of microbial life on the planet (>99%) is unable to be cultured with the 
standard methods currently available (40, 71, 103).  The shift towards a molecular-
based approach to assessing biodiversity was revolutionized by Carl Woese who 
discovered that all self-replicating life could be phylogenetically classified based on 
comparisons of the ribosomal RNA (rRNA) gene sequences, and these comparisons 
could be used to determine evolutionary descent (71, 111).   
Woese’s discovery led to the organization of life into three domains: Bacteria, 
Archaea, and Eukaryota (71, 111, 112).  Subsequently, Norman Pace and colleagues 
used the small-subunit (SSU) rRNA sequences to assess environmental microbial 
diversity (37, 97, 98, 103).  In these pioneering experiments, they found 
‘unculturable’ microbes representing novel species that were distantly related to 
known organisms that had been previously cultured (97, 98).  The early experiments 
involving SSU rRNA sequence comparison relied on direct sequencing of RNA or 
generation of reverse transcribed cDNAs, making these experiments technically 
challenging and labor-intensive (37, 103).  These types of experiments were greatly 
simplified through development of PCR-based methods that used universal primers to 
amplify the rRNA gene (34, 110), enabling assessments of the broad microbial 
diversity of an ecosystem from DNA that has been directly isolated from an 
environmental sample.  It is molecular-based approaches such as these that formed 
the basis for metagenomic analyses. 
Metagenomics is defined as “the functional and sequence-based analysis of 
the collective microbial genomes contained in an environmental sample” (78).  A 
typical metagenomic study involves the isolation of DNA directly from an 
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environmental sample, and subsequent creation of a clone library that is propagated in 
an organism that is easily cultured, such as Escherichia coli.  In a sequence-driven 
approach, clones are chosen at random and sequenced in order to look for 
phylogenetic markers, or to infer distribution and abundance of potential functional 
genes, genomic organization, and horizontal gene transfer.  In a function-driven 
approach, the clones are screened for enzymatic activities or genes of interest, which 
can enable discovery of novel genes that are undetected by sequence analysis (37, 
103).  More recent studies have sought to circumvent the cloning step, eliminating the 
bias that cloning can introduce, in favor of a random sequencing strategy that has 
been made possible by next-generation sequencing technologies, such as 
pyrosequencing (58, 88, 89).  Through these approaches, microbiologists can use 
metagenomics as a tool to begin to address the basic questions of “who is there and 
what are they doing?” in regards to the whole microbial community in a natural 
environment (37). 
Early metagenomic studies involved the use of traditional Sanger sequencing 
technologies applied to SSU rRNA surveys, and later to large-insert libraries that had 
typically been used for sequecing the genomes of single organisms, but was now 
being applied to entire communities of organisms.  Construction of metagenomic 
large-insert bacterial artificial chromosome (BAC) libraries allows for important 
insights into the diverse functional roles of organisms within a natural microbial 
community (9, 90).  Beja et al. (2000) uncovered large DNA fragments (~80 kb) from 
a diverse group of largely uncultivated planktonic marine microbes and were able to 
identify many open reading frames (ORFs) matching archaeal proteins on a 60 kb 
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sequence from an archaeal clone, which also contained some unique ORFs that 
suggest novel functions (9).  Rondon et al. (2000) constructed metagenomic BAC 
libraries from soil samples and were the first to use heterologous gene expression to 
screen for enzymatic activity in metagenomic BAC clones, revealing functional 
characteristics in novel sequences. 
 Another study of great importance to the field was the analysis of an acid 
mine drainage (AMD) microbial biofilm.  AMD is an environmental problem caused 
by oxidation of metal sulfides, such as pyrite, that is exacerbated by microbes that 
thrive in the highly acidic environment.  The AMD biofilm project was the first 
metagenomic study to use a large-scale random shotgun sequencing approach (107). 
Using this approach, Tyson et al. (2004) were able to assemble the genomes of two 
community members to near-completion, and recover partial genomes from three 
other members, revealing the metabolic networks that enable survival in this extreme 
environment.  Interestingly, they also found that the key role of nitrogen fixation for 
the entire community was being carried out by an uncultivated Leptospirillum group 
III species that was of relatively low abundance in the community (107).  The AMD 
biofilm proved to be an ideal candidate for a random shotgun sequencing approach, 
due to the relative simplicity of microbial community structure that allowed for 
assembly of individual genomes.   
Highly complex communities, such as the Sargasso Sea (108), termite hindgut 
(109), soil (104), and human gastrointestinal tract (33, 51, 105, 106), have also been 
subjected to a whole-genome shotgun sequencing approach.  These studies, unlike the 
AMD biofilm study, however, do not typically result in the assembly of genomes 
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from individuals in the community, due to the massive amount (an estimated several 
billion base pairs) of sequence data that would be required to reconstruct the genome 
of even the most prominent member of the community (103, 104).  Tringe et al. 
(2005), in a comparative analysis of several metagenomes, showed that a gene-centric 
approach was a practical method for overcoming the obstacles associated with 
analysis of unassembled or partially assembled metagenomic data.  In a gene-centric 
approach, each sequence is referred to as an environmental gene tag (EGT) because it 
contains a fragment of a gene predicted to have a functional role in the environment.  
The EGTs provide a “fingerprint” for an environment because genes that are 
important for survival and adaptation to a particular environment will be present in 
more genomes, and therefore will be more abundant in the EGT data (103).  This 
allows for a meaningful comparison of metagenomes from different environments 
through analysis of the overrepresented functions in an environment and provides 
insights into the specific demands placed on the organisms living there (103, 104). 
The whole-genome shotgun sequencing approach for the study of 
metagenomes has proven to be quite valuable in broadening our knowledge of 
environmental microbiomes, however the use of Sanger sequencing and clone 
libraries has some limitations.  Cloning introduces a bias to metagenome data because 
not all organisms are amenable to cloning, and therefore the organisms that are easily 
‘cloneable’ will be overrepresented in the analysis.  Viruses, in particular, are difficult 
to clone because they will often kill the host cell (29).  The utilization of 
pyrosequencing has eliminated the need to clone the DNA prior to sequencing, and it 
is able to produce a greater amount of total sequence data in less time and at a lower 
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cost compared to Sanger sequencing.  The drawback to pyrosequencing is that it 
generally yields a shorter read length than Sanger sequencing, but as the technology 
improves this has become less of an issue; the Titanium GS-FLX pyrosequencing 
system currently in use is able to obtain read lengths of ~400 bp on average. 
 In a study by Sogin et al. (2006), SSU rRNA ‘tags’ were generated from 
microbial communities inhabiting the deep sea of the North Atlantic and diffuse 
hydrothermal vents, and these tags were subsequently sequenced using 
pyrosequencing technology.  The use of pyrosequencing allowed them to 
economically maximize the number of tags sequenced resulting in the sequencing of 
118,000 PCR amplicons of the V6 hypervariable region of the rRNA.  This revealed 
that the deep-sea environment is one to two orders of magnitude more complex than 
had previously been reported for any microbial environment, and the low-abundance 
populations constituted a “rare biosphere” that accounts for most of the diversity 
observed (95). 
The first application of random pyrosequencing to an environmental sample 
was performed by Edwards et al. (2006) in a study of two samples from the Soudan 
Mine in Minnesota, USA.  From the pyrosequenced data, they obtained a distribution 
of the phylogeny for this environment from SSU rDNA sequences.  In order to 
validate the pyrosequencing approach, the pyrosequencing results from one sample 
were compared to a 16S rDNA clone library constructed from the same sample that 
was subsequently sequenced via traditional Sanger methods.  The rDNA distributions 
from the pyrosequenced data and Sanger sequenced data displayed remarkable 
similarity, showing that the pyrosequencing approach produced reliable results (28).  
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Additionally, the metabolic potential of the Soudan Mine metagenomes was predicted 
by comparison to the SEED subsystems database.  The SEED subsystems are groups 
of genes that function together, such as in metabolic pathways or in the formation of 
cell structural components (70).  The subsystems analysis of the Soudan Mine 
showed that the oxidized sample was enriched for genes involved in aerobic 
respiratory pathways, while the reduced sample was enriched for anaerobic pathways 
(28).  The Soudan Mine analysis demonstrated that the combination of 
pyrosequencing, comparative metagenomics, and a subsystems analysis could 
identify the important ecological differences between microbial communities. 
The random pyrosequencing approach is becoming commonplace in 
metagenomics, and has been used in several other metagenomic studies since the 
Soudan Mine study.  In a comparative metagenomic study by Dinsdale et al. (2008), 
they sought to compare the predicted functional profiles of nine biomes, 
encompassing 45 distinct microbiomes and 42 distinct viromes, all of which had 
utilized random pyrosequencing in obtaining the metagenomic sequence data.  The 
metagenomes were all compared to the SEED subsystems database to show that the 
metabolic potential within an environment could be predicted by metagenomic data 
(27).  An example of this is clearly seen between the microbial metagenomes of coral 
and terrestrial animals in which the coral-associated metagenomes devoted ~20% of 
their genes to respiration while only 3% of the genes from the metagenomes 
associated with the terrestrial animals were involved with respiration (Figure 1.3).  
Another notable observation from this metagenomic comparison was that the viral 
metagenomes seemed to have distinctive profiles based on the environment, 
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supporting previous studies that have hypothesized that phage carry specialization 
genes for the ecosystem in which they reside rather than displaying similar metabolic 
profiles across different environments (27).   
Metagenomic research is proving to be an important tool in determining a 
molecular ‘fingerprint’ for different environments and in showing the community 
dynamics among the microbial and viral organisms inhabiting these environments.  
However, metagenomic analysis does have its limitations.  These studies depend on 
the information contained in sequence databases, such as GenBank, and though the 
genomic information in these databases has dramatically increased over the past 
couple of decades, it is still lacking as is evident by the large number novel organisms 
and genes uncovered by metagenomic analyses.  Additionally, as sequencing 
technology continues to improve and decrease in cost, data storage and computation 
are increasingly becoming more of an issue.   
   
VIRUSES 
 
Viruses play an important role in driving microbial evolution and influencing 
biogeochemical cycles; however, their impact is greatly overlooked.  Viruses are 
biological entities that infect a cell in order to replicate themselves.  Outside of a host 
cell, viral particles are known as virions, and are made up of a DNA or RNA genome 
that is surrounded by a protective protein shell called a capsid.  Due to their small 
size, which is generally smaller than that of bacterial cells, it is necessary to use an 
electron microscope in order to visually observe the viral particles.   
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The basic lifecycle of a virus (Figure 1.4) begins with attachment of the virus 
to a cell and penetration of the host cell wall.  The nucleic acids are then released by 
injection of the viral genome into the cell or degradation of the viral capsid.  The viral 
genome is then replicated by the host, viral proteins are synthesized, the virions are 
assembled, and finally, the newly assembled viruses are released via lysis (and 
subsequent death) of the host cell.  In some instances, the viruses undergo a lysogenic 
cycle prior to assembly of the viral particles.  During the lysogenic cycle, the viral 
genome integrates its genome into the host chromosome such that whenever the host 
divides, the viral genome is also replicated (99).  The viral genome in these cases is 
known as a “provirus” or, in the case of bacteriophages, a “prophage”.  A phage will 
enter or exit the lysogenic state due to changes in the environmental conditions, or 
cellular damage; exit from the lysogenic cycle means that the phage will continue into 
the lytic cycle resulting in release of the viral particles and death of the host cell (99). 
The viruses are the most abundant biological entity on the planet totaling an 
estimated 1031 viral particles (13, 86).  Though archaeal and eukaryotic viruses are 
important components of most ecosystems, the vast majority of these viruses are 
phages (a.k.a. bacteriophages), which are viruses that infect bacteria (13, 86).  There 
are an estimated ten phages for every microbial cell in most environments (13, 84).  
However, despite their prevalence in the environment, viruses are generally not well 
characterized (13, 29, 86).  In traditional studies of environmental phage diversity and 
ecology, it was necessary to first grow microbes on microbiological plates, and then 
infect them with the phages.  The drawback to this technique is that very few 
microbes in the environment are readily cultured, and this is then compounded by the 
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fact that each phage species can only infect a narrow range of microbial hosts (1).  In 
addition, many of the early studies that were able to successfully isolate viral particles 
would then utilize electron microscopy to observe viral morphology as a means of 
assessing diversity.  And while some semblance of diversity can be seen in this 
manner, pictures are not sufficient to identify viral species (1).   
Metagenomic approaches have enabled us to circumvent the issues that arise 
from culture-based approaches, especially now that a cloning step can also be 
bypassed by use of newer sequencing technologies, such as pyrosequencing.  Culture-
independent methods have allowed us to obtain a better sampling of environmental 
viruses, which has led to better quantification of viral particles in the environment, as 
well as a greater understanding of their diversity and their role in the population 
dynamics of a microbial community.  The small size of a viral genome 
(approximately 50 kb on average) lends itself well to sequencing, but this does not 
mean that viral metagenomics is without its challenges, namely that the majority of 
sequences in a viral metagenome (virome) are novel (29).  In most virome studies, 
one would expect that the majority of sequences would not have any significant hits 
to a sequence database (e.g. GenBank) (29).  Edwards and Rohwer (2005) noted that 
in the first marine virome published, approximately 65% of the sequences had no 
significant similarity (E-value > 0.001) to any sequence in the GenBank non-
redundant database.  Two years later, there was little change (i.e. most of the viral 
sequences were still novel) despite the fact that the GenBank database had more than 
doubled in size.  Compare this to a typical environmental microbial metagenome 
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analysis in which only ~10% of the sequences are novel, and it becomes apparent that 
the global viral metagenome is relatively uncharacterized (29).      
Viruses are essential for controlling microbial populations.  Along with protist 
grazing, viral predation maintains the microbial numbers of an ecosystem such that 
they do not become so numerous as to overwhelm the ecosystem (86).  Rohwer and 
co-workers have developed a hypothesis called “kill-the-winner” to explain much of 
the observed microbial diversity and changes in community structure due to viruses.  
The “kill-the-winner” hypothesis states that the dominant microbial species within a 
system will constantly be turned over because the viral predators of this species will 
increase exponentially and kill it off, leaving a niche for a new species to grow into 
(13, 84, 86).  This process drives the evolution of the microbial species in an 
environment through the natural selection of microbes that are resistant to the 
particular phage (84, 86). 
Viruses also drive evolution of microbial populations by facilitating horizontal 
gene transfer (HGT).  Viruses can easily move genetic material between organisms 
and ecosystems due to the fact that a virus must inject its genome into a host in order 
to replicate, thus increasing the likelihood of genetic exchange (13, 86). Viral 
genomes are rapidly changing due to the transfer between hosts and viruses of single 
genes, such as MORONs (for ‘more DNA’, i.e. a short region of extra DNA often 
identified based on its presence in one phage genome and absence in a closely related 
phage genome) or ORFans (i.e. protein-encoding regions with no detectable similarity 
to proteins from other genomes), or by transfer of gene clusters such as operons in 
microbes and modules in phages (13).  These transfers occur via homologous 
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recombination or by mobile elements, which include plasmids, pathogenicity islands, 
or temperate phages (13).  Temperate phages, or those that are able to enter a 
lysogenic cycle and become a prophage, are prevalent in the genomes of bacteria and 
are especially important to consider when studying HGT, since the gain and loss of 
prophages is one of the most common mechanisms of gene transfer between 
organisms (86).  Prophages can also express genes that may alter the phenotype of the 
host cell.  In the case of most environmental Vibrio cholerae stains, for instance, 
infection with a prophage carrying the cholera toxin is required in order to become 
human pathogens (86).  HGT between microbes and viruses can also aid in adaptation 
to new environments (13).  A bacteriophage known as S-PM2, which infects the 
marine photosynthetic cyanobacterium, Synechococcus, has horizontally and 
independently acquired the genes psbA and psbD (57).  These genes encode for two 
proteins, D1 and D2, that are part of the photosystem II core reaction center and were 
most likely acquired by the phage to ensure survival of the host cell when the 
bacterium’s own D1 and D2 proteins are damaged by intense sunlight.   When the 
host’s D1 and D2 proteins are damaged, the phage’s D1 and D2 proteins keep 
photosynthesis going to provide energy for continued replication of the virus (57).  
Similarly, photosynthesis genes in Prochlorococcus, another marine cyanobacterium, 
showed evidence of being transferred multiple times from host to phage in order to 
maintain photosynthetic activity during infection (55).   
 Viromes from various ecosystems, such as soil (30), activated sludge from 
wastewater treatment plants (73), human feces (12, 76), and marine ecosystems (14, 
83, 87), have been studied thus far and much information on the evolutionary impact 
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of viruses has been gleaned.  However, there is still much that is unknown.   
Information on viruses in the sequence databases is sparse relative to the copious 
amount of viruses on the planet, and there is still much to be learned about the 
functionality of viral genes and how they interact with their hosts.  As Rohwer et al. 
(2009) stated, “The vast majority of genetic material (>70%) carried by these viruses 
is uncharacterized and natural viral communities probably represent the largest 
unexplored area of genetic information space left on the planet” (86).  As daunting as 
that statement might seem, this could be an exciting time in viral research as more 
researchers become aware of the importance of viruses and attempt to ‘fill-in’ the 
gaps in our knowledge. 
 
CRISPR: A SYSTEM THAT PROVIDES ACQUIRED IMMUNITY TO PHAGES 
 
 Bacteriophages are the most abundant entities on the planet, but despite being 
outnumbered (5-10 phages for every bacterial cell) (13) the bacteria have managed to 
continue to thrive by developing phage-resistance mechanisms.  One such form of 
resistance is through the clustered regularly interspaced short palindromic repeat 
(CRISPR) system.  CRISPRs are a common feature found in the genomes of most 
bacteria and archaea, and are proposed to function through the expression of small 
RNAs that target invasive nucleic acids, similar to the RNA interference (RNAi) 
system in Eukaryotes (3, 56, 60).   
The CRISPR system includes the CRISPR array and a set of CRISPR-
associated (cas) genes (Figure 1.5A).  A CRISPR array is made up of direct repeat 
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sequences and spacers, and is preceded by a leader sequence upstream of the first 
direct repeat.  The direct repeats in a CRISPR array are all nearly identical in size 
(typically 23-50 bp) and sequence (60).  Some direct repeats contain a short 
palindrome sequence of base pairs that is predicted to form an RNA stem-loop 
secondary structure.  The spacer sequences are found between the direct repeats, each 
one displaying a unique sequence that is often derived from a phage or other 
extrachromosomal elements.  The CRISPR loci transcribe small CRISPR RNAs 
(crRNAs) that contain the spacer and part of the direct repeat sequence.  The crRNA 
spacers are responsible for recognition of specific target sequences by direct base 
pairing with the invasive DNA (3, 60).  The third component of the CRISPR array is 
the leader sequence, which is an AT-rich region several hundred base pairs long 
located on the 5’ end of the CRISPR array.  The leader sequence is typically 
conserved within, but not between, species (60, 96); it is suggested to function as the 
recognition sequence for the addition of new spacers and may also act as the promoter 
of the transcribed CRISPR array (96).  Additionally, a set of cas genes, is found in the 
vicinity of the CRISPR loci.  Some of these cas genes are required to impart 
resistance to phage or other mobile elements, while others are predicted to be 
responsible for the addition of spacers (3).  
The CRISPR system was discovered in 1987 when Ishino et al. cloned and 
sequenced the iap gene, which encodes for alkaline phosphatase isozyme conversion 
in Escherichia coli.  In the region flanking the 3’ end of the iap gene, the authors 
noticed an unusual structure containing 14 inverted repeat sequences separated by 
short (32 bp long) non-repetitive, unrelated sequences (41).  This region was cloned 
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and sequenced in a subsequent study and similar sequences were also observed in the 
genomes of Salmonella typhimurium and Shigella dysenteriae (67).  After 
identification of CRISPR loci in several genomes, Mojica et al. (2000) were the first 
to recognize CRISPR as a family of repeats found in bacteria and archaea (66).  The 
term ‘CRISPR’ was coined by Jansen et al. (2002) to describe the characteristic 
structure of this family of repeats (42).  Early studies found that the CRISPR spacers 
matched sequences belonging to phage and other extrachromosomal elements, which 
implied that the CRISPR loci had a role in immunity to extrachromosomal DNA 
elements (11, 65, 74). 
A landmark study by Barrangou et al. (2007) was the first to experimentally 
prove that the CRISPR/cas system was an adaptive immune system that provided 
resistance to phages.  This study constructed various mutations to the CRISPR loci in 
the bacterium Streptococcus thermophilus to show that new spacers were added to the 
CRISPR loci in response to phage infection, and that these spacers were specifically 
targeting a phage sequence.  They also found that the spacers alone did not provide 
resistance, but that the system depends on some of the cas genes for resistance.  They 
speculated that the cas genes not directly involved in resistance were responsible for 
providing an adaptive ‘immune’ response through the insertion of additional spacers 
and repeats (3).  A more recent study by Marraffini et al. (2008) showed that CRISPR 
systems not only provide phage resistance, but also have a role in preventing 
horizontal gene transfer, such as the transfer of plasmids.  Additionally, they provided 
evidence that the crRNAs are targeting the DNA, and not the mRNA, by testing for 
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CRISPR interference of a plasmid with or without an intron inserted into the target 
gene (59). 
As Barrangou et al. (2007) showed, the cas genes are also important to the 
proper functioning of the CRISPR system.  The cas genes are always located near the 
CRISPR loci.  There are six ‘core’ cas genes (termed cas1-6), but more than 40 Cas 
protein families have been identified that are classified into eight subtypes (36).  The 
cas1 gene encodes for a nuclease, and along with cas2, is present in all CRISPR-cas 
systems (60).  The cas2 gene may be important for acquisition of spacers into the 
CRISPR (3, 60).  The other four cas genes are associated with CRISPR loci most, but 
not all of the time.  The cas3 gene appears to encode a helicase, and the Cas4 protein 
is similar to the RecB family of exonucleases (36).  The Cas5 and Cas6 proteins 
belong to the repeat-associated mysterious protein (RAMP) family, and as the name 
of the family would imply, the functions of these proteins are not currently known, 
although Cas6 appears to be an endoribonuclease (60).  The various cas genes are 
predicted to be responsible for the processing of the crRNAs as well as having a role 
in the actual interference of target DNAs.       
The CRISPR system has been determined to be a type of adaptive immune 
system and experimental evidence has shown that DNA is the target of crRNAs, and 
as a result, questions arise as to how self (i.e. the CRISPR locus) and non-self (i.e. the 
invasive DNA) sequences are distinguished by the CRISPR system.  Marraffini and 
Sontheimer (2010) used the CRISPR system in Staphylococcus epidermidis to 
demonstrate that the repeat sequences upstream of a spacer are responsible for 
distinguishing between self and non-self DNA (Figure 1.5B).  They found that 
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because the crRNA is fully complementary to the chromosomal CRISPR locus, but 
the target of interference is only complementary to the spacer sequence and not the 
flanking DNA, that this provides a way for the CRISPR system to distinguish 
between its own DNA and that of the target (Figure 1.5B) (61).  The researchers 
further went on to locate the exact positions in the flanking sequence that disrupt 
interference of an invasive target.   It was established that if at least three base pairs at 
positions -4, -3 and -2 upstream of the spacer sequence were formed then the 
sequence was protected from interference, but if the base pairing was disrupted at 
positions -4, -3 or -3, -2, then that sequence would be targeted for interference (61). 
The CRISPR/cas system plays an important role in the evolution of bacteria 
and archaea because it is reactive to phage and other mobile elements in the 
environment – rapidly evolving as it combats new invasive nucleic acids.  Due to 
inclusion of new spacers based off of phage and mobile element sequences, the 
CRISPR loci can provide an historical perspective of exposure to phages as well as 
giving insights to the phage sensitivity of a host cell (3).  This system may also prove 
to have important applications in the prevention of the horizontal transfer of genes, 
such as those involved in antibiotic resistance, and could be useful in the typing of 
bacterial and archaeal strains.  CRISPR loci are a relatively recent discovery and 
much research is needed to experimentally determine many of the mechanistic 
aspects of this system, such as how spacers are incorporated, and determination of the 
process that leads to the prevention of phage infection or transfer of mobile elements 
(60). 
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HORIZONTAL GENE TRANSFER 
 
Horizontal gene transfer (HGT), also known as lateral gene transfer, is a 
widespread and common phenomenon in microbial communities and contributes 
greatly to the evolution of the microbes in those communities.  HGT is defined as the 
transfer of genetic material between organisms by way of a process other than the 
vertical transmission of replicated chromosomes during cell division (48).  The 
existence of HGT was recognized long before the first genomes were sequenced (94); 
however, the impact on the evolution of bacterial and archaeal genomes was not fully 
realized until the field of comparative genomics took off.  Although HGT is an 
accepted evolutionary phenomenon that currently takes place between closely related 
microbes, it is still controversial whether genes are also moved between distantly 
related species (48).  
HGT between microbes generally occurs through three types of mechanisms: 
transformation, conjugation, and transduction.  Intercellular movement of DNA is 
generally mediated through enzymes and proteins called mobile elements, which 
include plasmids, transposons, and phages.  Transformation, or the uptake of free 
DNA by a cell, was the first mechanism of HGT to be discovered.  Transformation 
was first documented from the observation that virulence determinants could be 
transferred between pneumococcal types in mice (35, 101).  In order for 
transformation to occur in nature, the microbial cells must first develop and express a 
physiological state of competence, which is usually developed in response to 
environmental factors such as cell density, nutrient availability, or starvation (101).  
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Conjugation requires cell-to-cell contact in order to transfer genetic material.  The 
genetic material that is typically transferred by conjugation is small genetic elements, 
such as plasmids, that can be transferred quickly, although it is possible for whole 
chromosomes to be transferred as well (101).  Transduction is the bacteriophage (or 
phage) mediated transfer of genetic material.  When a phage leaves a lysogenic phase, 
it occasionally packages some of the host’s genome along with its own, such that, 
when the phage infects a new cell, there is an opportunity for the previous host’s 
DNA to recombine with the genome of the new host (31). 
In the rumen, gene exchange between bacteria has been implicated in the 
spread of antibiotic resistance genes (62, 102).  Investigation of HGT between 
bacteria and rumen Ciliates, a diverse group of unicellular Eukaryotes, was also 
shown to have an important role in adaptation to the rumen environment through the 
transfer of genes encoding for plant cell wall polysaccharide-degrading enzymes (77).  
Additionally, a study by Klieve et al. (2005) provided evidence for natural 
transformation of genes by the genus Ruminococcus through a mechanism involving 
the formation of membrane vesicles (47).  Gene transfer involving the bacteriophages 
is a likely mechanism of HGT in the rumen, due to the large number of phages 
present in the rumen ecosystem (46), and the propensity of phages to facilitate HGT 
(13, 86).  However, phage-mediated HGT in the rumen has yet to be investigated.   
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RESEARCH STRATEGY 
 
 Viruses are known to be the most abundant biological entities on the planet, 
and play an important role in the diversity and evolution of microbial populations.  
Viruses play two major roles in evolution, first, they control microbial populations to 
maintain diversity and ensure that the microbes do not overwhelm the ecosystem, and 
second, they facilitate horizontal gene transfer (HGT), primarily through the gain and 
loss of prophages.   
Based on our current understanding of the evolutionary importance of viruses, 
as well as past estimates of their abundance in the rumen, we hypothesize that 
bacteriophages play an integral role in the community dynamics in the rumen and 
drive the evolution of the rumen microbiome by means of phage-mediated HGT.  The 
objective of this research is to use comparative genomics to investigate the types of 
bacteriophages present in the rumen ecosystem, and reveal their interactions with the 
microbial populations of the rumen to provide evidence for HGT between the rumen 
microbial and viral populations.  First, a comparative genomic analysis of four strains 
of the cellulolytic rumen bacterium, Ruminococcus flavefaciens, will be used to 
ascertain the phylogenetic and functional relationships between these strains, as well 
as the potential evolutionary mechanisms that could be influencing their evolution, 
especially those related to interactions with viruses.  Next, a survey of the rumen viral 
metagenome (virome) will aim to uncover the dominant phage types in the rumen 
ecosystem and provide insights into the possible dynamics between the viral and 
microbial populations of the rumen.  Finally, a comparison of rumen microbial 
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genome and metagenome sequences to the rumen virome aims to predict the 
community dynamics between the rumen microbial and viral populations, and 
provide evidence to suggest that HGT is occurring between them.  Investigation of 
the rumen virome, and the interactions between microbes and viruses in the rumen 
ecosystem could form a basis for future research leading towards improvements in 
ruminant nutrition, development of molecular tools that could enable the study of 
genetic systems in rumen bacteria, and identification of genes that are necessary for 
survival and adaptation to the rumen environment.    
 
REFERENCES 
1. Angly, F., B. Rodriguez-Brito, D. Bangor, P. McNairnie, M. Breitbart, P. 
Salamon, B. Felts, J. Nulton, J. Mahaffy, and F. Rohwer. 2005. PHACCS, 
an online tool for estimating the structure and diversity of uncultured viral 
communities using metagenomic information. BMC Bioinformatics 6:41. 
2. Ayers, W. A. 1958. Nutrition and physiology of Ruminococcus flavefaciens. J 
Bacteriol 76:504-9. 
3. Barrangou, R., C. Fremaux, H. Deveau, M. Richards, P. Boyaval, S. 
Moineau, D. A. Romero, and P. Horvath. 2007. CRISPR provides acquired 
resistance against viruses in prokaryotes. Science 315:1709-12. 
4. Bayer, E. A., J. P. Belaich, Y. Shoham, and R. Lamed. 2004. The 
cellulosomes: multienzyme machines for degradation of plant cell wall 
polysaccharides. Annu Rev Microbiol 58:521-54. 
5. Bayer, E. A., H. Chanzy, R. Lamed, and Y. Shoham. 1998. Cellulose, 
cellulases and cellulosomes. Curr Opin Struct Biol 8:548-57. 
6. Bayer, E. A., R. Kenig, and R. Lamed. 1983. Adherence of Clostridium 
thermocellum to cellulose. J Bacteriol 156:818-27. 
7. Bayer, E. A., R. Lamed, B. A. White, and H. J. Flint. 2008. From 
cellulosomes to cellulosomics. Chemical record (New York, NY) 8:364-77. 
 30 
8. Bayer, E. A., Y. Shoham, and R. Lamed. 2000. Cellulose-decomposing 
bacteria and their enzyme systems. In M. Dworkin, S. Falkow, E. Rosenberg, 
K.-H. Schleifer, and E. Stackebrandt (ed.), The Prokaryotes: An Evolving 
Electronic Resource for the Microbiological Community, 3rd ed. Springer-
Verlag, New York. 
9. Béjà, O., M. T. Suzuki, E. V. Koonin, L. Aravind, A. Hadd, L. P. Nguyen, 
R. Villacorta, M. Amjadi, C. Garrigues, S. B. Jovanovich, R. A. Feldman, 
and E. F. DeLong. 2000. Construction and analysis of bacterial artificial 
chromosome libraries from a marine microbial assemblage. Environ 
Microbiol 2:516-29. 
10. Berg Miller, M. E., D. A. Antonopoulos, M. T. Rincon, M. Band, A. Bari, 
T. Akraiko, A. Hernandez, J. Thimmapuram, B. Henrissat, P. M. 
Coutinho, I. Borovok, S. Jindou, R. Lamed, H. J. Flint, E. A. Bayer, and 
B. A. White. 2009. Diversity and strain specificity of plant cell wall 
degrading enzymes revealed by the draft genome of Ruminococcus 
flavefaciens FD-1. PLoS ONE 4:e6650. 
11. Bolotin, A., B. Quinquis, A. Sorokin, and S. D. Ehrlich. 2005. Clustered 
regularly interspaced short palindrome repeats (CRISPRs) have spacers of 
extrachromosomal origin. Microbiology 151:2551-61. 
12. Breitbart, M., I. Hewson, B. Felts, J. M. Mahaffy, J. Nulton, P. Salamon, 
and F. Rohwer. 2003. Metagenomic analyses of an uncultured viral 
community from human feces. J Bacteriol 185:6220-3. 
13. Breitbart, M., and F. Rohwer. 2005. Here a virus, there a virus, everywhere 
the same virus? Trends Microbiol 13:278-84. 
14. Breitbart, M., P. Salamon, B. Andresen, J. M. Mahaffy, A. M. Segall, D. 
Mead, F. Azam, and F. Rohwer. 2002. Genomic analysis of uncultured 
marine viral communities. Proc Natl Acad Sci U S A 99:14250-5. 
15. Brulc, J. M., D. A. Antonopoulos, M. E. Berg Miller, M. K. Wilson, A. C. 
Yannarell, E. A. Dinsdale, R. E. Edwards, E. D. Frank, J. B. Emerson, P. 
Wacklin, P. M. Coutinho, B. Henrissat, K. E. Nelson, and B. A. White. 
2009. Gene-centric metagenomics of the fiber-adherent bovine rumen 
microbiome reveals forage specific glycoside hydrolases. Proc Natl Acad Sci 
U S A 106:1948-53. 
16. Bryant, M. P. 1959. Bacterial species of the rumen. Bacteriol Rev 23:125-53. 
 31 
17. Bryant, M. P. 1973. Nutritional requirements of the predominant rumen 
cellulolytic bacteria. Fed Proc 32:1809-13. 
18. Bryant, M. P. 1986. Ruminococcus, p. 1093-1097. In P. H. Sneath, H. S. 
Mair, M. E. Sharpe, and J. G. Holt (ed.), Bergey's manual of systematic 
bacteriology, vol. 2. Williams and Wilkins Co., Baltimore. 
19. Bryant, M. P., and L. A. Burkey. 1953. Cultural methods and some 
characteristics of some of the more numerous groups of bacteria in the bovine 
rumen. J. Dairy Sci. 36:205-217. 
20. Bryant, M. P., and I. M. Robinson. 1961. Some nutritional requirements of 
the genus Ruminococcus. Appl Microbiol 9:91-5. 
21. Bryant, M. P., and I. M. Robinson. 1961. Studies on the nitrogen 
requirements of some ruminal cellulolytic bacteria. Appl Microbiol 9:96-103. 
22. Bryant, M. P., N. Small, C. Bouma, and I. M. Robinson. 1958. 
Characteristics of ruminal anaerobic celluloytic cocci and Cillobacterium 
cellulosolvens n. sp. J Bacteriol 76:529-37. 
23. Carvalho, A. L., F. M. Dias, J. A. Prates, T. Nagy, H. J. Gilbert, G. J. 
Davies, L. M. Ferreira, M. J. Romao, and C. M. Fontes. 2003. Cellulosome 
assembly revealed by the crystal structure of the cohesin-dockerin complex. 
Proc Natl Acad Sci U S A 100:13809-14. 
24. Clarke, R. T. J. 1977. The gut and its micro-organisms, p. 35-71. In R. T. J. 
Clarke and T. Bauchop (ed.), Microbial ecology of the gut. Academic Press, 
New York. 
25. Clarke, R. T. J., and T. Bauchop. 1977. Microbial ecology of the gut, vol. 
Academic Press, New York. 
26. Ding, S. Y., M. T. Rincon, R. Lamed, J. C. Martin, S. I. McCrae, V. 
Aurilia, Y. Shoham, E. A. Bayer, and H. J. Flint. 2001. Cellulosomal 
scaffoldin-like proteins from Ruminococcus flavefaciens. J Bacteriol 
183:1945-53. 
 32 
27. Dinsdale, E. A., R. A. Edwards, D. Hall, F. Angly, M. Breitbart, J. M. 
Brulc, M. Furlan, C. Desnues, M. Haynes, L. Li, L. McDaniel, M. A. 
Moran, K. E. Nelson, C. Nilsson, R. Olson, J. Paul, B. R. Brito, Y. Ruan, 
B. K. Swan, R. Stevens, D. L. Valentine, R. V. Thurber, L. Wegley, B. A. 
White, and F. Rohwer. 2008. Functional metagenomic profiling of nine 
biomes. Nature 452:629-32. 
28. Edwards, R. A., B. Rodriguez-Brito, L. Wegley, M. Haynes, M. Breitbart, 
D. M. Peterson, M. O. Saar, S. Alexander, E. C. Alexander, Jr., and F. 
Rohwer. 2006. Using pyrosequencing to shed light on deep mine microbial 
ecology. BMC Genomics 7:57. 
29. Edwards, R. A., and F. Rohwer. 2005. Viral metagenomics. Nat Rev 
Microbiol 3:504-10. 
30. Fierer, N., M. Breitbart, J. Nulton, P. Salamon, C. Lozupone, R. Jones, 
M. Robeson, R. A. Edwards, B. Felts, S. Rayhawk, R. Knight, F. Rohwer, 
and R. B. Jackson. 2007. Metagenomic and small-subunit rRNA analyses 
reveal the genetic diversity of bacteria, archaea, fungi, and viruses in soil. 
Appl Environ Microbiol 73:7059-66. 
31. Frost, L. S., R. Leplae, A. O. Summers, and A. Toussaint. 2005. Mobile 
genetic elements: the agents of open source evolution. Nat Rev Microbiol 
3:722-32. 
32. Galbraith, E. A., D. A. Antonopoulos, and B. A. White. 2004. Suppressive 
subtractive hybridization as a tool for identifying genetic diversity in an 
environmental metagenome: the rumen as a model. Environ Microbiol 6:928-
37. 
33. Gill, S. R., M. Pop, R. T. Deboy, P. B. Eckburg, P. J. Turnbaugh, B. S. 
Samuel, J. I. Gordon, D. A. Relman, C. M. Fraser-Liggett, and K. E. 
Nelson. 2006. Metagenomic analysis of the human distal gut microbiome. 
Science 312:1355-9. 
34. Giovannoni, S. J., T. B. Britschgi, C. L. Moyer, and K. G. Field. 1990. 
Genetic diversity in Sargasso Sea bacterioplankton. Nature 345:60-3. 
35. Griffith, F. 1928. The significance of pneumococcal types. J Hyg (Lond) 
27:113-59. 
36. Haft, D. H., J. Selengut, E. F. Mongodin, and K. E. Nelson. 2005. A guild 
of 45 CRISPR-associated (Cas) protein families and multiple CRISPR/Cas 
subtypes exist in prokaryotic genomes. PLoS Comput Biol 1:e60. 
 33 
37. Handelsman, J. 2004. Metagenomics: application of genomics to uncultured 
microorganisms. Microbiol Mol Biol Rev 68:669-85. 
38. Helaszek, C. T., and B. A. White. 1991. Cellobiose uptake and metabolism 
by Ruminococcus flavefaciens. Appl Environ Microbiol 57:64-8. 
39. Hespell, R. B., D. E. Akin, and B. A. Dehority. 1997. Bacteria, fungi, and 
protozoa of the rumen, p. 59-186. In R. I. Mackie, B. A. White, and R. 
Issacson (ed.), Gastrointestinal Microbiology, vol. 2. Chapman and Hall, New 
York, NY. 
40. Hugenholtz, P., and N. R. Pace. 1996. Identifying microbial diversity in the 
natural environment: a molecular phylogenetic approach. Trends Biotechnol 
14:190-7. 
41. Ishino, Y., H. Shinagawa, K. Makino, M. Amemura, and A. Nakata. 1987. 
Nucleotide sequence of the iap gene, responsible for alkaline phosphatase 
isozyme conversion in Escherichia coli, and identification of the gene 
product. J Bacteriol 169:5429-33. 
42. Jansen, R., J. D. Embden, W. Gaastra, and L. M. Schouls. 2002. 
Identification of genes that are associated with DNA repeats in prokaryotes. 
Mol Microbiol 43:1565-75. 
43. Jindou, S., I. Borovok, M. T. Rincon, H. J. Flint, D. A. Antonopoulos, M. 
E. Berg, B. A. White, E. A. Bayer, and R. Lamed. 2006. Conservation and 
divergence in cellulosome architecture between two strains of Ruminococcus 
flavefaciens. J Bacteriol 188:7971-6. 
44. Jindou, S., J. M. Brulc, M. Levy-Assaraf, M. T. Rincon, H. J. Flint, M. E. 
Berg, M. K. Wilson, B. A. White, E. A. Bayer, R. Lamed, and I. Borovok. 
2008. Cellulosome gene cluster analysis for gauging the diversity of the 
ruminal cellulolytic bacterium Ruminococcus flavefaciens. FEMS Microbiol 
Lett 285:188-94. 
45. Klieve, A. V., and T. Bauchop. 1988. Morphological diversity of ruminal 
bacteriophages from sheep and cattle. Appl Environ Microbiol 54:1637-41. 
46. Klieve, A. V., and R. A. Swain. 1993. Estimation of ruminal bacteriophage 
numbers by pulsed-field gel electrophoresis and laser densitometry. Appl 
Environ Microbiol 59:2299-303. 
 34 
47. Klieve, A. V., M. T. Yokoyama, R. J. Forster, D. Ouwerkerk, P. A. Bain, 
and E. L. Mawhinney. 2005. Naturally occurring DNA transfer system 
associated with membrane vesicles in cellulolytic Ruminococcus spp. of 
ruminal origin. Appl Environ Microbiol 71:4248-53. 
48. Koonin, E. V., and Y. I. Wolf. 2008. Genomics of bacteria and archaea: the 
emerging dynamic view of the prokaryotic world. Nucleic Acids Res 
36:6688-719. 
49. Krause, D., W. Smith, F. Ryan, R. Mackie, and C. McSweeney. 2000. Use 
of 16S-rRNA based techniques to investigate the ecological succession of 
microbial populations in the immature lamb rumen: Tracking of a specific 
strain of inoculated Ruminococcus and interactions with other microbial 
populations in vivo. Microb Ecol 38:365-376. 
50. Krause, D. O., S. E. Denman, R. I. Mackie, M. Morrison, A. L. Rae, G. T. 
Attwood, and C. S. McSweeney. 2003. Opportunities to improve fiber 
degradation in the rumen: microbiology, ecology, and genomics. FEMS 
Microbiol Rev 27:663-93. 
51. Kurokawa, K., T. Itoh, T. Kuwahara, K. Oshima, H. Toh, A. Toyoda, H. 
Takami, H. Morita, V. K. Sharma, T. P. Srivastava, T. D. Taylor, H. 
Noguchi, H. Mori, Y. Ogura, D. S. Ehrlich, K. Itoh, T. Takagi, Y. Sakaki, 
T. Hayashi, and M. Hattori. 2007. Comparative metagenomics revealed 
commonly enriched gene sets in human gut microbiomes. DNA Res 14:169-
81. 
52. Lamed, R., E. Setter, and E. A. Bayer. 1983. Characterization of a 
cellulose-binding, cellulase-containing complex in Clostridium thermocellum. 
J Bacteriol 156:828-36. 
53. Latham, M. J., and M. J. Wolin. 1977. Fermentation of cellulose by 
Ruminococcus flavefaciens in the presence and absence of Methanobacterium 
ruminantium. Appl Environ Microbiol 34:297-301. 
54. Lin, C., L. Raskin, and D. A. Stahl. 1997. Microbial community structure in 
gastrointestinal tracts of domestic animals: comparative analyses using rRNA-
targeted oligonucleotide probes. FemS Microbiol. Ecol. 22:281-294. 
55. Lindell, D., M. B. Sullivan, Z. I. Johnson, A. C. Tolonen, F. Rohwer, and 
S. W. Chisholm. 2004. Transfer of photosynthesis genes to and from 
Prochlorococcus viruses. Proc Natl Acad Sci U S A 101:11013-8. 
 35 
56. Makarova, K. S., N. V. Grishin, S. A. Shabalina, Y. I. Wolf, and E. V. 
Koonin. 2006. A putative RNA-interference-based immune system in 
prokaryotes: computational analysis of the predicted enzymatic machinery, 
functional analogies with eukaryotic RNAi, and hypothetical mechanisms of 
action. Biol Direct 1:7. 
57. Mann, N. H., A. Cook, A. Millard, S. Bailey, and M. Clokie. 2003. Marine 
ecosystems: bacterial photosynthesis genes in a virus. Nature 424:741. 
58. Margulies, M., M. Egholm, W. E. Altman, S. Attiya, J. S. Bader, L. A. 
Bemben, J. Berka, M. S. Braverman, Y. J. Chen, Z. Chen, S. B. Dewell, L. 
Du, J. M. Fierro, X. V. Gomes, B. C. Godwin, W. He, S. Helgesen, C. H. 
Ho, G. P. Irzyk, S. C. Jando, M. L. Alenquer, T. P. Jarvie, K. B. Jirage, J. 
B. Kim, J. R. Knight, J. R. Lanza, J. H. Leamon, S. M. Lefkowitz, M. Lei, 
J. Li, K. L. Lohman, H. Lu, V. B. Makhijani, K. E. McDade, M. P. 
McKenna, E. W. Myers, E. Nickerson, J. R. Nobile, R. Plant, B. P. Puc, 
M. T. Ronan, G. T. Roth, G. J. Sarkis, J. F. Simons, J. W. Simpson, M. 
Srinivasan, K. R. Tartaro, A. Tomasz, K. A. Vogt, G. A. Volkmer, S. H. 
Wang, Y. Wang, M. P. Weiner, P. Yu, R. F. Begley, and J. M. Rothberg. 
2005. Genome sequencing in microfabricated high-density picolitre reactors. 
Nature 437:376-80. 
59. Marraffini, L. A., and E. J. Sontheimer. 2008. CRISPR interference limits 
horizontal gene transfer in staphylococci by targeting DNA. Science 
322:1843-5. 
60. Marraffini, L. A., and E. J. Sontheimer. 2010. CRISPR interference: RNA-
directed adaptive immunity in bacteria and archaea. Nat Rev Genet 11:181-
190. 
61. Marraffini, L. A., and E. J. Sontheimer. 2010. Self versus non-self 
discrimination during CRISPR RNA-directed immunity. Nature 463:568-71. 
62. McCuddin, Z. P., S. A. Carlson, M. A. Rasmussen, and S. K. Franklin. 
2006. Klebsiella to Salmonella gene transfer within rumen protozoa: 
implications for antibiotic resistance and rumen defaunation. Vet Microbiol 
114:275-84. 
63. Mechaly, A., H. P. Fierobe, A. Belaich, J. P. Belaich, R. Lamed, Y. 
Shoham, and E. A. Bayer. 2001. Cohesin-dockerin interaction in 
cellulosome assembly: a single hydroxyl group of a dockerin domain 
distinguishes between nonrecognition and high affinity recognition. J Biol 
Chem 276:9883-8. 
 36 
64. Mechaly, A., S. Yaron, R. Lamed, H. P. Fierobe, A. Belaich, J. P. Belaich, 
Y. Shoham, and E. A. Bayer. 2000. Cohesin-dockerin recognition in 
cellulosome assembly: experiment versus hypothesis. Proteins 39:170-7. 
65. Mojica, F. J., C. Diez-Villasenor, J. Garcia-Martinez, and E. Soria. 2005. 
Intervening sequences of regularly spaced prokaryotic repeats derive from 
foreign genetic elements. J Mol Evol 60:174-82. 
66. Mojica, F. J., C. Diez-Villasenor, E. Soria, and G. Juez. 2000. Biological 
significance of a family of regularly spaced repeats in the genomes of 
Archaea, Bacteria and mitochondria. Mol Microbiol 36:244-6. 
67. Nakata, A., M. Amemura, and K. Makino. 1989. Unusual nucleotide 
arrangement with repeated sequences in the Escherichia coli K-12 
chromosome. J Bacteriol 171:3553-6. 
68. Olsen, G. J., and C. R. Woese. 1993. Ribosomal RNA: a key to phylogeny. 
Faseb J 7:113-23. 
69. Orpin, C. G., and K. N. Joblin. 1988. The rumen anaerobic fungi, p. 129-
150. In P. N. Hobson (ed.), The rumen microbial ecosystem. Elsevier Appl. 
Sci., New York. 
70. Overbeek, R., T. Begley, R. M. Butler, J. V. Choudhuri, H. Y. Chuang, 
M. Cohoon, V. de Crecy-Lagard, N. Diaz, T. Disz, R. Edwards, M. 
Fonstein, E. D. Frank, S. Gerdes, E. M. Glass, A. Goesmann, A. Hanson, 
D. Iwata-Reuyl, R. Jensen, N. Jamshidi, L. Krause, M. Kubal, N. Larsen, 
B. Linke, A. C. McHardy, F. Meyer, H. Neuweger, G. Olsen, R. Olson, A. 
Osterman, V. Portnoy, G. D. Pusch, D. A. Rodionov, C. Ruckert, J. 
Steiner, R. Stevens, I. Thiele, O. Vassieva, Y. Ye, O. Zagnitko, and V. 
Vonstein. 2005. The subsystems approach to genome annotation and its use in 
the project to annotate 1000 genomes. Nucleic Acids Res 33:5691-702. 
71. Pace, N. R. 1997. A molecular view of microbial diversity and the biosphere. 
Science 276:734-40. 
72. Pages, S., A. Belaich, J. P. Belaich, E. Morag, R. Lamed, Y. Shoham, and 
E. A. Bayer. 1997. Species-specificity of the cohesin-dockerin interaction 
between Clostridium thermocellum and Clostridium cellulolyticum: prediction 
of specificity determinants of the dockerin domain. Proteins 29:517-27. 
 37 
73. Parsley, L. C., E. J. Consuegra, S. J. Thomas, J. Bhavsar, A. M. Land, N. 
N. Bhuiyan, M. A. Mazher, R. J. Waters, K. E. Wommack, W. F. Harper, 
Jr., and M. R. Liles. 2010. Census of the viral metagenome within an 
activated sludge microbial assemblage. Appl Environ Microbiol 76:2673-7. 
74. Pourcel, C., G. Salvignol, and G. Vergnaud. 2005. CRISPR elements in 
Yersinia pestis acquire new repeats by preferential uptake of bacteriophage 
DNA, and provide additional tools for evolutionary studies. Microbiology 
151:653-63. 
75. Rasmussen, M. A., R. B. Hespell, B. A. White, and R. J. Bothast. 1988. 
Inhibitory Effects of Methylcellulose on Cellulose Degradation by 
Ruminococcus flavefaciens. Appl Environ Microbiol 54:890-897. 
76. Reyes, A., M. Haynes, N. Hanson, F. E. Angly, A. C. Heath, F. Rohwer, 
and J. I. Gordon. 2010. Viruses in the faecal microbiota of monozygotic 
twins and their mothers. Nature 466:334-8. 
77. Ricard, G., N. R. McEwan, B. E. Dutilh, J. P. Jouany, D. Macheboeuf, M. 
Mitsumori, F. M. McIntosh, T. Michalowski, T. Nagamine, N. Nelson, C. 
J. Newbold, E. Nsabimana, A. Takenaka, N. A. Thomas, K. Ushida, J. H. 
Hackstein, and M. A. Huynen. 2006. Horizontal gene transfer from Bacteria 
to rumen Ciliates indicates adaptation to their anaerobic, carbohydrates-rich 
environment. BMC Genomics 7:22. 
78. Riesenfeld, C. S., P. D. Schloss, and J. Handelsman. 2004. Metagenomics: 
genomic analysis of microbial communities. Annu Rev Genet 38:525-52. 
79. Rincon, M. T., T. Cepeljnik, J. C. Martin, R. Lamed, Y. Barak, E. A. 
Bayer, and H. J. Flint. 2005. Unconventional mode of attachment of the 
Ruminococcus flavefaciens cellulosome to the cell surface. J Bacteriol 
187:7569-78. 
80. Rincon, M. T., B. Dassa, H. J. Flint, A. J. Travis, S. Jindou, I. Borovok, R. 
Lamed, E. A. Bayer, B. Henrissat, P. M. Coutinho, D. A. Antonopoulos, 
M. E. Berg Miller, and B. A. White. 2010. Abundance and diversity of 
dockerin-containing proteins in the fiber-degrading rumen bacterium, 
Ruminococcus flavefaciens FD-1. PLoS One 5. 
81. Rincon, M. T., S. Y. Ding, S. I. McCrae, J. C. Martin, V. Aurilia, R. 
Lamed, Y. Shoham, E. A. Bayer, and H. J. Flint. 2003. Novel organization 
and divergent dockerin specificities in the cellulosome system of 
Ruminococcus flavefaciens. J Bacteriol 185:703-13. 
 38 
82. Rincon, M. T., J. C. Martin, V. Aurilia, S. I. McCrae, G. J. Rucklidge, M. 
D. Reid, E. A. Bayer, R. Lamed, and H. J. Flint. 2004. ScaC, an adaptor 
protein carrying a novel cohesin that expands the dockerin-binding repertoire 
of the Ruminococcus flavefaciens 17 cellulosome. J Bacteriol 186:2576-85. 
83. Rodriguez-Brito, B., L. Li, L. Wegley, M. Furlan, F. Angly, M. Breitbart, 
J. Buchanan, C. Desnues, E. Dinsdale, R. Edwards, B. Felts, M. Haynes, 
H. Liu, D. Lipson, J. Mahaffy, A. B. Martin-Cuadrado, A. Mira, J. 
Nulton, L. Pasic, S. Rayhawk, J. Rodriguez-Mueller, F. Rodriguez-
Valera, P. Salamon, S. Srinagesh, T. F. Thingstad, T. Tran, R. V. 
Thurber, D. Willner, M. Youle, and F. Rohwer. 2010. Viral and microbial 
community dynamics in four aquatic environments. Isme J 4:739-51. 
84. Rodriguez-Valera, F., A. B. Martin-Cuadrado, B. Rodriguez-Brito, L. 
Pasic, T. F. Thingstad, F. Rohwer, and A. Mira. 2009. Explaining 
microbial population genomics through phage predation. Nat Rev Microbiol 
7:828-36. 
85. Roger, V., G. Fonty, S. Komisarczuk-Bony, and P. Gouet. 1990. Effects of 
Physicochemical Factors on the Adhesion to Cellulose Avicel of the Ruminal 
Bacteria Ruminococcus flavefaciens and Fibrobacter succinogenes subsp. 
succinogenes. Appl Environ Microbiol 56:3081-3087. 
86. Rohwer, F., D. Prangishvili, and D. Lindell. 2009. Roles of viruses in the 
environment. Environ Microbiol 11:2771-4. 
87. Rohwer, F., and R. V. Thurber. 2009. Viruses manipulate the marine 
environment. Nature 459:207-12. 
88. Ronaghi, M., S. Karamohamed, B. Pettersson, M. Uhlen, and P. Nyren. 
1996. Real-time DNA sequencing using detection of pyrophosphate release. 
Anal Biochem 242:84-9. 
89. Ronaghi, M., M. Uhlen, and P. Nyren. 1998. A sequencing method based on 
real-time pyrophosphate. Science 281:363, 365. 
90. Rondon, M. R., P. R. August, A. D. Bettermann, S. F. Brady, T. H. 
Grossman, M. R. Liles, K. A. Loiacono, B. A. Lynch, I. A. MacNeil, C. 
Minor, C. L. Tiong, M. Gilman, M. S. Osburne, J. Clardy, J. 
Handelsman, and R. M. Goodman. 2000. Cloning the soil metagenome: a 
strategy for accessing the genetic and functional diversity of uncultured 
microorganisms. Appl Environ Microbiol 66:2541-7. 
 39 
91. Russell, J. B., and J. L. Rychlik. 2001. Factors that alter rumen microbial 
ecology. Science 292:1119-22. 
92. Schocke, L., and P. J. Weimer. 1997. Purification and characterization of 
phosphoenolpyruvate carboxykinase from the anaerobic ruminal bacterium 
Ruminococcus flavefaciens. Arch Microbiol 167:289-94. 
93. Shimon, L. J., E. A. Bayer, E. Morag, R. Lamed, S. Yaron, Y. Shoham, 
and F. Frolow. 1997. A cohesin domain from Clostridium thermocellum: the 
crystal structure provides new insights into cellulosome assembly. Structure 
5:381-90. 
94. Smith, M. W., D. F. Feng, and R. F. Doolittle. 1992. Evolution by 
acquisition: the case for horizontal gene transfers. Trends Biochem Sci 
17:489-93. 
95. Sogin, M. L., H. G. Morrison, J. A. Huber, D. Mark Welch, S. M. Huse, 
P. R. Neal, J. M. Arrieta, and G. J. Herndl. 2006. Microbial diversity in the 
deep sea and the underexplored "rare biosphere". Proc Natl Acad Sci USA 
103:12115-20. 
96. Sorek, R., V. Kunin, and P. Hugenholtz. 2008. CRISPR--a widespread 
system that provides acquired resistance against phages in bacteria and 
archaea. Nat Rev Microbiol 6:181-6. 
97. Stahl, D. A., D. J. Lane, G. J. Olsen, and N. R. Pace. 1984. Analysis of 
hydrothermal vent-associated symbionts by ribosomal RNA sequences. 
Science 224:409-11. 
98. Stahl, D. A., D. J. Lane, G. J. Olsen, and N. R. Pace. 1985. Characterization 
of a Yellowstone hot spring microbial community by 5S rRNA sequences. 
Appl Environ Microbiol 49:1379-84. 
99. Sturino, J. M., and T. R. Klaenhammer. 2006. Engineered bacteriophage-
defence systems in bioprocessing. Nat Rev Microbiol 4:395-404. 
100. Swain, R. A., J. V. Nolan, and A. V. Klieve. 1996. Natural variability and 
diurnal fluctuations within the bacteriophage population of the rumen. Appl 
Environ Microbiol 62:994-7. 
101. Thomas, C. M., and K. M. Nielsen. 2005. Mechanisms of, and barriers to, 
horizontal gene transfer between bacteria. Nat Rev Microbiol 3:711-21. 
 40 
102. Toomey, N., A. Monaghan, S. Fanning, and D. Bolton. 2009. Transfer of 
antibiotic resistance marker genes between lactic acid bacteria in model rumen 
and plant environments. Appl Environ Microbiol 75:3146-52. 
103. Tringe, S. G., and E. M. Rubin. 2005. Metagenomics: DNA sequencing of 
environmental samples. Nat Rev Genet 6:805-14. 
104. Tringe, S. G., C. von Mering, A. Kobayashi, A. A. Salamov, K. Chen, H. 
W. Chang, M. Podar, J. M. Short, E. J. Mathur, J. C. Detter, P. Bork, P. 
Hugenholtz, and E. M. Rubin. 2005. Comparative metagenomics of 
microbial communities. Science 308:554-7. 
105. Turnbaugh, P. J., R. E. Ley, M. Hamady, C. M. Fraser-Liggett, R. 
Knight, and J. I. Gordon. 2007. The human microbiome project. Nature 
449:804-10. 
106. Turnbaugh, P. J., R. E. Ley, M. A. Mahowald, V. Magrini, E. R. Mardis, 
and J. I. Gordon. 2006. An obesity-associated gut microbiome with 
increased capacity for energy harvest. Nature 444:1027-31. 
107. Tyson, G. W., J. Chapman, P. Hugenholtz, E. E. Allen, R. J. Ram, P. M. 
Richardson, V. V. Solovyev, E. M. Rubin, D. S. Rokhsar, and J. F. 
Banfield. 2004. Community structure and metabolism through reconstruction 
of microbial genomes from the environment. Nature 428:37-43. 
108. Venter, J. C., K. Remington, J. F. Heidelberg, A. L. Halpern, D. Rusch, J. 
A. Eisen, D. Wu, I. Paulsen, K. E. Nelson, W. Nelson, D. E. Fouts, S. Levy, 
A. H. Knap, M. W. Lomas, K. Nealson, O. White, J. Peterson, J. 
Hoffman, R. Parsons, H. Baden-Tillson, C. Pfannkoch, Y.-H. Rogers, and 
H. O. Smith. 2004. Environmental genome shotgun sequencing of the 
Sargasso Sea. Science 304:66-74. 
109. Warnecke, F., P. Luginbuhl, N. Ivanova, M. Ghassemian, T. H. 
Richardson, J. T. Stege, M. Cayouette, A. C. McHardy, G. Djordjevic, N. 
Aboushadi, R. Sorek, S. G. Tringe, M. Podar, H. G. Martin, V. Kunin, D. 
Dalevi, J. Madejska, E. Kirton, D. Platt, E. Szeto, A. Salamov, K. Barry, 
N. Mikhailova, N. C. Kyrpides, E. G. Matson, E. A. Ottesen, X. Zhang, 
M. Hernandez, C. Murillo, L. G. Acosta, I. Rigoutsos, G. Tamayo, B. D. 
Green, C. Chang, E. M. Rubin, E. J. Mathur, D. E. Robertson, P. 
Hugenholtz, and J. R. Leadbetter. 2007. Metagenomic and functional 
analysis of hindgut microbiota of a wood-feeding higher termite. Nature 
450:560-5. 
 41 
110. Weisburg, W. G., S. M. Barns, D. A. Pelletier, and D. J. Lane. 1991. 16S 
ribosomal DNA amplification for phylogenetic study. J Bacteriol 173:697-
703. 
111. Woese, C. R., and G. E. Fox. 1977. Phylogenetic structure of the prokaryotic 
domain: the primary kingdoms. Proc Natl Acad Sci U S A 74:5088-90. 
112. Woese, C. R., O. Kandler, and M. L. Wheelis. 1990. Towards a natural 
system of organisms: proposal for the domains Archaea, Bacteria, and 
Eucarya. Proc Natl Acad Sci U S A 87:4576-9. 
113. Wolin, M. J., and T. L. Miller. 1983. Interactions of microbial populations in 
cellulose fermentation. Fed Proc 42:109-13. 
114. Ziemer, C. J., R. Sharp, M. D. Stern, M. A. Cotta, T. R. Whitehead, and 
D. A. Stahl. 2000. Comparison of microbial populations in model and natural 
rumens using 16S ribosomal RNA-targeted probes. Environ Microbiol 2:632-
43. 
 
 
 42 
FIGURES 
 
Figure 1.1.  Schematic representation of the cellulosome (taken from Bayer et al., 
2004).  The main cellulosome components are the non-enzymatic scaffoldin 
structures that contain the cohesin domains.  The cohesins interact with dockerin 
domains that are linked to enzymes in order to incorporate the enzymes into the 
complex.  The primary scaffoldin in this particular cellulosome, which is based on the 
Acetivibrio cellulolyticus cellulosome, also contains a carbohydrate-binding module 
(CBM) that allows the enzymes to be in close proximity to the substrate.  In this 
cellulosome system, an anchoring scaffoldin containing cohesins that interact with the 
dockerin of an adapter scaffoldin, and an S-layer homology domain attaches the 
entire cellulosome complex to the bacterial cell wall.  (4) 
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Figure 1.2.  Schematic overview of the Ruminococcus flavefaciens cellulosome 
system (taken from Bayer et al., 2008).  A) The R. flavefaciens 17 cellulosomal 
architecture.  ScaE anchors the cellulosome to the cell wall and interacts with the 
XDoc module of ScaB and CttA. ScaB contains seven cohesins, which interact with 
the dockerin of the ScaA scaffoldin.  ScaA has three cohesins that interact with the 
dockerin of the ScaC adapter scaffoldin, as well as with dockerin modules that are 
linked to enzymes.  ScaC has a single cohesin that interacts with specific dockerin 
modules that are linked to various enzymes. CttA contains two carbohydrate-binding 
modules, which allow the cell to bind to the cellulosic substrate.  B) The R. 
flavefaciens FD-1 cellulosomal architecture.  The cellulosome system in strain FD-1 
is similar to that of strain 17, but diverges in the number of dockerins in ScaA and the 
number and type of dockerins in ScaB.  The first four cohesin modules of ScaB are 
ScaA-like (i.e. they recognize the same dockerins as the cohesins in ScaA), but the 
last five cohesins of ScaB are ScaB-like and recognize the dockerin module of ScaA.  
(7) 
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Figure 1.3.  The predicted environmental metabolic profiles from nine biomes 
(taken from Dinsdale et al., 2008).  The microbial metagenomes are shown in panels 
a-h; the viral metagenomes are shown in panels i-p.  Each bar represents the mean for 
each metabolic category. (27) 
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Figure 1.4.  Schematic representation of the lytic and lysogenic life cycles of 
viruses (taken from Sturino et al., 2006).  The viral life cycle begins with attachment 
of the virus to the host cell.  The virus then penetrates the cell wall and injects its 
genome into the cell.  In the lytic cycle, the viral genome is replicated by the host, 
viral proteins are synthesized, the virions are assembled, and the newly assembled 
viruses are released by lysis of the host cell.  Under certain conditions a virus will 
enter a lysogenic cycle after injection of the viral genome into the host.  In the 
lysogenic cycle, the viral genome is integrated into the genome of the host, becoming 
a provirus.  The provirus is replicated with the host genome every time the cell 
divides, and will remain essentially dormant until conditions trigger the continuation 
of the lytic cycle.  (99) 
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Figure 1.5.  The CRISPR/cas system (taken from Marraffini, et al., 2010).  A) 
Representation of the components of the CRISPR/cas system.  An AT-rich leader 
sequence (the black box) precedes the CRISPR loci.  The CRISPR loci contains direct 
repeat sequences (seen in white) that are separated by short, unique spacer sequences, 
the number of which varies widely.  A set of CRISPR-associated (cas) genes are 
typically found in the vicinity of the CRISPR loci.  These genes are responsible for 
the functional activity of the CRISPR system.  B) Representation of the mechanism 
used by CRISPR to distinguish invasive DNA targets from its own spacer DNA.  The 
transcribed CRISPR RNA is completely complementary to itself, therefore if there 
are discrepancies in the base pairs of the repeat that flanks the 5’ end of the spacer 
then the DNA is recognized as a target for interference. (60) 
 
 
A) 
 
 
 
B) 
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CHAPTER 2.  COMPARATIVE GENOMICS OF FOUR RUMINOCOCCUS 
FLAVEFACIENS STRAINS  
 
INTRODUCTION 
 
Ruminococcus flavefaciens, an anaerobic, gram-positive, cellulosome-
producing bacterium, is one of the predominant cellulolytic bacteria in the rumen.  It 
is responsible for breaking down the complex lignocellulosic plant cell walls into 
soluble components that can be used by other microbes in the environment (24).  R. 
flavefaciens-related bacteria have also been documented as having a potential role in 
plant cell wall polysaccharide digestion in the large intestine of herbivorous mammals 
and humans (19).  R. flavefaciens strains 17 and FD-1 are two strains that have been 
commonly studied and show distinctive similarities in their cellulolytic capabilities, 
despite the strains being isolated from different geographical locations at different 
times (5, 7).   
R. flavefaciens metabolizes lignocellulose by means of a large multi-enzyme 
complex called a cellulosome.  The cellulosome of R. flavefaciens 17 has been 
thoroughly investigated over the years (15, 16, 18), and has been found to be more 
complex than the cellulosomal system originally discovered in Clostridium species 
(2, 3).  Additionally, the draft genome sequence of R. flavefaciens FD-1 has revealed 
numerous dockerin modules as well as a scaffoldin (sca) gene cluster with similar 
architecture to strain 17 (4, 10, 17).  Comparisons of the sca gene cluster sequences of 
these two strains to those of other R. flavefaciens strains has revealed that the 
organization of the sca gene cluster is highly conserved in this species (10, 11).  
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 The cellulolytic properties of R. flavefaciens have been well studied, but a 
whole genome comparison among strains of R. flavefaciens has not been carried out 
thus far.  The objective of this analysis is to compare the genome sequences of R. 
flavefaciens strains 007C, 17, and FD-1, and one R. flavefaciens-related strain 
(Ruminococcus sp. 18P13) in order to gain greater insights into the phylogenetic and 
functional relationships of these strains, as well as the potential mechanisms driving 
their evolution.    
 
METHODS 
 
Genomic DNA isolation, sequencing, and assembly of Ruminococcus flavefaciens 
strains 
Draft genome sequences of four Ruminococcus strains, three from the species 
R. flavefaciens (strains 007C, 17 and FD-1) and one R. flavefaciens-related strain, 
were obtained for comparison.  Rumincoccus flavefaciens FD-1 genomic DNA was 
previously isolated and sequenced; the draft genome is publicly available under 
accession number ACOK00000000 (4).  The draft genomes for R. flavefaciens 007C 
and Ruminococcus sp. 18P13 were obtained from the Sanger Institute 
(http://www.sanger.ac.uk).  
 R. flavefaciens 17 was obtained from Harry Flint at the University of 
Aberdeen, and cultured anaerobically in defined media containing 0.4% (w/v) 
cellobiose.  Cells were grown at 37°C in butyl rubber-stoppered bottles under a 95% 
CO2/5% H2 atmosphere as previously described (4).  Isolation of genomic DNA from 
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R. flavefaciens strain 17 was performed using an adapted general laboratory protocol 
as previously described (4, 23).  Sequencing of the genomic DNA from strain 17 was 
done at the W. M. Keck Center at the University of Illinois.  Pyrosequenced paired-
end reads were generated by a Roche/454 GS FLX Titanium sequencer, and single-
reads were generated by an Illumina Genome Analyzer IIx sequencer.  These 
sequences plus pyrosequenced single-reads previously sequenced by 454 Life 
Sciences were used for assembly.  Assembly of all sequence data from R. flavefaciens 
17 was carried out using the Newbler software (Roche).   
  
Sequence annotation and analysis 
 The genome sequences for R. flavefaciens strains FD-1, 17, and 007C, and 
Ruminococcus sp. 18P13 were uploaded to the RAST (Rapid Annotation using 
Subsystem Technology) annotation server in order to get functional annotations from 
the SEED database and to compare overall sequence similarity among the 
Ruminococcus strains (1).  The DNA sequences were also compared using the 
Artemis Comparison Tool (ACT) to assess the sequence synteny (6).  To generate a 
metabolic pathway comparison, E.C. numbers were obtained from the RAST 
annotations and used as an input for iPath: Interactive Pathways Explorer (12).  The 
online tool, CRISPRFinder (9), was used to find all potential CRISPR sequences in 
each genome.   
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RESULTS AND DISCUSSION 
 
Genome sequence comparison 
 Ruminococcus flavefaciens strains 007C, 17, and FD-1 are closely related.  
Comparison of the SSU rRNA shows that strains 007C and 17 share 99% identity in 
their SSU rRNA sequences, and each has 97% identity to the SSU rRNA of strain 
FD-1.  The SSU rRNA from Ruminococcus sp. 18P13 has 94% identity with other 
three strains, which suggests that it might be from a closely related species.  The SSU 
rRNA gene, however does not effectively show the relatedness of strains from the 
same species; therefore, an analysis of the whole genome sequences was carried out 
in order to fully understand the relationships between these strains.   
The characteristics of the draft genomes from each strain can be seen in Table 
2.1.  R. flavefaciens strains 17 and 007C appear to be very similar in their overall 
genome characteristics.  Their genomes are approximately the same length, they have 
a similar G+C content (~46%), and they have a similar number of predicted ORFs 
and RNAs, although strain 17 has an additional rRNA operon compared to strain 
007C.  In addition to having similar genome characteristics, these two strains were 
also revealed to have a great amount of sequence similarity throughout their genomes 
with a large proportion of their genomes (~70% of the predicted ORFs) having 
greater than 98% protein sequence identity (Figure 2.1).  Analysis of sequence 
synteny among the strains was carried out with the Artemis Comparison Tool (ACT) 
(6), and revealed that strains 007C and 17 not only share a substantial amount of 
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sequence identity, but they share the most sequence synteny to each other relative to 
R. flavefaciens FD-1 and Ruminococcus sp. 18P13 (Figure 2.2).   
The draft genome of R. flavefaciens strain FD-1 is currently the largest 
genome of the strains presented here with over 4.5 Mb of DNA sequenced and 3,995 
ORFs detected by RAST, though it has a similar G+C content (46%) to strains 007C 
and 17 (Table 2.1).  The sequence of strain FD-1 appears to be more divergent from 
strains 17 and 007C, with these two strains sharing only 75% or greater protein 
sequence identity to 23% of the predicted ORFs from strain FD-1 (Figure 2.1).  
Additionally, strain FD-1 had more divergence in gene organization, compared to 
strains 007C and 17 (Figure 2.2). 
Ruminococcus sp. 18P13 is the smallest of the four genomes with just over 2.5 
Mb sequenced and 2,384 features detected by RAST.  This strain had a higher G+C 
content (53%) than the three R. flavefaciens strains, and it is also the most divergent 
strain with the majority of the genome (~80% of the ORFs) sharing approximately 
70% or less protein sequence similarity to the other three strains (Figure 2.1).  The 
regions of Ruminococcus sp. 18P13 in which the ribosomal proteins are found, 
however, exhibited greater than 90% protein sequence similarity to the other three 
strains.  Much like strain FD-1, Ruminococcus sp. 18P13 did not share a great amount 
of synteny with the other strains (Figure 2.2).   
Interestingly, it would seem that the environments from which each strain was 
isolated might be contributing to the conservation and divergence seen between the 
sequences of these strains.  This suggests that the different environments and 
geographical locations impose different selective pressures on these organisms.  
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Strains 007C and 17 were both isolated from bovine rumens in Scotland, and 
displayed the most similarity between their genome sequences and gene organization.  
Strain FD-1, which was isolated from a rumen pill in the United States, revealed 
greater divergence in overall sequence similarity and synteny from strains 007C and 
17, although some sequence similarity was conserved.  Ruminococcus sp. 18P13 
appears to be the outlier among these strains.  Ruminococcus sp. 18P13 had the least 
amount of sequence similarity when compared to the other strains, which could be 
due to the fact that this is an isolate from the human gastrointestinal tract, the 
microbiome of which is vastly different than the rumen. 
  
Metabolic and functional potential 
 The RAST annotations were used to assess the functional and metabolic 
potential of the four Ruminococcus strains, and to gauge the relative functional 
coverage of these draft genomes.  For the overall functional comparison, only the 
“functional parts” of the genomes were used.  The “functional parts” refer to genes 
that have a designated SEED subsystem, in which a subsystem is defined as “a 
collection of functional roles, which together implement a specific biological process 
or structural complex” (13).  The subsystems encompass both metabolic and non-
metabolic functional roles.  The number of features that were grouped into a specific 
subsystem for each Ruminococcus strain can be seen in Table 2.2.   
The distribution of features among the subsystems seems to be similar for all 
four strains.  R. flavefaciens 17, however appears to be lacking some features for 
carbohydrate metabolism, since it has considerably fewer features in the 
 53 
Carbohydrates subsystem than the other strains.  The number of features devoted to 
amino acid metabolism for strain 17, however, appears to be similar to the other 
strains of ruminal origin (007C and FD-1).  The number of features in the amino acids 
and carbohydrates subsystems for strain 17 suggests that, although the genome for 
this strain is nearly complete (21), it has not yet been sequenced to the same level of 
completion as the other strains.        
Table 2.3 shows the total functional parts that are shared by two or more 
strains or are unique to a particular strain.  Interestingly, R. flavefaciens strains 007C 
and FD-1 shared the most functional parts (73% of the total), even though strains 
007C and 17 have more sequence similarities.  R. flavefaciens 17 shared the least 
functional similarities with the remaining strains, which could indicate that some of 
the functional components of strain 17 have not yet been sequenced.  Ruminococcus 
sp. 18P13 had the most unique functional parts (6% of the total) compared to the 
other strains, which gives more evidence to suggest that this is the most divergent of 
the four Ruminococcus strains that are presented here and could represent the 
different selective pressures of the human intestine compared to the bovine rumen.     
In order to reconstruct the predicted metabolic pathways for each 
Ruminococcus strain, the enzymes that catalyze metabolic reactions were identified 
(499 enzymes total) based on EC numbers associated with functional features 
detected by RAST (Table 2.3).   A visual representation of the metabolic pathways 
that are shared or unique to particular strains can be seen in Figure 2.3.  Of the total 
enzymes identified, 40% were shared by all four strains.  R. flavefaciens 17 had the 
least number of metabolic enzymes detected, and appears to be missing some 
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enzymes compared to the other three strains, given that R. flavefaciens strain 007C, 
strain FD-1 and Ruminococcus sp. 18P13 shared an additional 22% of the total 
enzymes.  The large number of enzymes that are currently undetected in the strain 17 
genome indicates that the draft genome for this strain is not as complete as the other 
three strains.   
 
Cellulosome comparison 
 Ruminococcus flavefaciens is known to produce a large multi-enzyme 
complex called a cellulosome.  The cellulosomes of strains 17 and FD-1 have been 
well studied and have revealed that these strains have some of the most complex 
cellulosomal systems currently known, including the most dockerin types and 
dockerin containing proteins of any organism studied to date (15-17).  The region of 
each genome containing the scaffoldin components, known as the sca gene cluster, 
was located for strains 007C, 17 and FD-1.  The Artemis Comparison Tool (ACT) 
was used to determine the DNA sequence synteny for the sca gene cluster among 
these three strains (Figure 2.4).  All three strains had the same gene organization 
within this region, and the sequences are highly conserved (Figure 2.4).  The sca 
cluster in strain FD-1 again was more divergent from strains 007C and 17, with only 
~70% DNA sequence similarity in some regions, while strains 007C and 17 displayed 
98-99% DNA sequence similarity over the greater part of the gene cluster.  This is to 
be expected however, because a previous comparison of the cellulosomal components 
from strains FD-1 and 17 showed that although they share the same cellulosomal 
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architecture, there are some differences within the scaffoldin proteins, namely in the 
number and types of cohesins in ScaA and ScaB (4, 10). 
 Ruminococcus sp. 18P13 does not appear to share the same cellulosomal 
architecture as the other three strains.  The Ruminococcus sp. 18P13 genome contains 
some putative dockerin and cohesin sequences, but no evidence of any large 
scaffoldin components resembling scaA or scaB was found.  There was an ORF 
identified in Ruminococcus sp. 18P13 that contains a module with sequence similarity 
to a type-I cohesin.  A BLASTX comparison to the non-redundant database identified 
the closest relative of this ORF to be ScaC from R. flavefaciens.  Previous research 
has shown that scaC could be a candidate gene for phylotyping ruminal R. 
flavefaciens strains (11); therefore the presence of a scaC-like gene in Ruminococcus 
sp. 18P13 could provide additional evidence of the relationship of this strain to R. 
flavefaciens.  Comparison of the predicted protein sequence of this ScaC-like ORF to 
the ScaC protein sequences of strains 007C, 17, and FD-1 revealed ~34% identity 
shared between Ruminococcus sp. 18P13 and the R. flavefaciens strains.  The protein 
sequence similarity is most likely due to the ScaC-like ORF in Ruminococcus sp. 
18P13 and ScaC in R. flavefaciens both containing type-I cohesins.   
Cohesin and dockerin sequences provide evidence for cellulosome production 
by Ruminococcus sp. 18P13, and if a cellulosome is produced by strain 18P13, then 
perhaps it has fewer components than the cellulosomes produced by the R. 
flavefaciens strains. Previously, gene expression profiling experiments comparing 
growth of R. flavefaciens FD-1 on cellulose and cellobiose energy substrates have 
shown that the cellulosomal components are up-regulated when grown on the more 
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complex substrate (cellulose) compared to the easily digestible substrate (cellobiose) 
(4).  The results of this previous gene expression study would suggest that the 
production of a less complex cellulosome can most likely be attributed to the type of 
energy substrates encountered by Ruminococcus sp. 18P13.  Ruminococcus sp. 18P13 
is a human intestinal isolate, and therefore it would typically be exposed to more 
easily fermentable carbohydrates rather than the complex lignocellulosic plant cell 
walls that are the main carbohydrate source for the cellulolytic bacteria of the rumen, 
such as R. flavefaciens.  
 
Mobile elements  
 All potential mobile elements, such as insertion sequence (IS) elements, 
transposons, integrases, recombinases, and phage-related proteins, were located in 
each of the Ruminococcus genomes using the RAST annotations (Table 2.4).  Very 
few of these putative mobile elements belong to a SEED subsystem, only seven out of 
the total elements for all strains were classified into a particular subsystem.  The 
greatest number of mobile elements (108 total features) was found in the strain FD-1 
genome.  Over twice as many elements were detected in strain FD-1 compared to the 
other strains, which could indicate that horizontal gene transfer events have been 
more prevalent in this strain. Bacteriophage-related proteins accounted for about half 
of all mobile elements found in these genomes, which provides evidence that phage 
have influenced the evolution of these strains.  Additionally, integrases accounted for 
approximately 25% of the total mobile elements in each strain.  The presence of 
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integrases in these genomes suggests gene transfer events with bacteriophages, since 
integrases are thought to be markers of temperate phages (14). 
 
CRISPR and CRISPR-associated genes 
 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 
their related cas (CRISPR-associated) genes are found throughout bacterial and 
archaeal genomes (22).   A CRISPR array consists of a number of directly repeated 
sequences interspaced with unique sequences that often bear similarity to 
bacteriophage genomes.  CRISPR are a type of acquired resistance that helps to 
protect the cell from infection by phages, and are notable for their rapid evolution via 
the addition or loss of spacer sequences as a result of viral attack (22).  Examination 
of the CRISPR arrays and cas genes in a genome can give clues to the impact that 
phages in the environment have on the evolution of a bacterial strain, and can provide 
proof of horizontal gene transfer (8).  Additionally, CRISPR arrays could function as 
a potential tool for strain typing, depending on the conservation of the repeated 
sequences (22).   
 The CRISPRFinder online tool (9) was used to locate CRISPR loci within the 
Ruminococcus genomes.  Table 2.5 and Table 2.6 list the potential CRISPR and cas 
genes for each strain, respectively.  Strain FD-1 and Ruminococcus sp. 18P13 both 
had multiple ‘confirmed’ CRISPR loci.  The large ‘confirmed’ CRISPR array in 
contig 90 of strain FD-1 (tmp_86_CRISPR_1) and the ‘confirmed’ CRISPR array 
beginning at position 1,892,791 in Ruminococcus sp. 18P13 (tmp_1_CRISPR_6) are 
both located after a region of the genome containing putative cas genes, which 
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implies that these two arrays are probably true CRISPRs.  Strain 17 also has a 
CRISPR array (tmp_6_PossibleCrispr_1) that is most likely a true CRISPR due to its 
proximity to the cas genes, however this particular CRISPR has only two direct 
repeat sequences.  The large CRISPR array in scaffold 4 (tmp_4_PossibleCrispr_3) 
seems to possess some the characteristics of a true CRISPR (i.e. most of the repeats 
are identical and the sequence appears to be non-coding) (22), even though there are 
no detected cas genes in the immediate vicinity of this CRISPR array.  There were no 
cas genes detected in strain 007C, and there were only two ‘questionable’ CRISPR 
arrays detected.  This may indicate that this strain either has a weak resistance to 
phages, and may be more susceptible to phage attack than the other three strains since 
it has not developed the same resistances through acquisition of CRISPR, or perhaps 
phages have had more influence on the evolution of R. flavefaciens strains FD-1 and 
17, and Ruminococcus sp. 18P13, relative to strain 007C.                
 
CONCLUSIONS 
  
Comparison of the genomes of Ruminococcus flavefaciens strains 007C, 17, 
and FD-1 and Ruminococcus sp. 18P13 has shown that the environment and 
geographical location have greatly influenced the evolution of these strains.  The 
genome sequence similarities and synteny have shown that the rumen isolates from 
Scotland (strains 007C and 17) are more similar to each other than to the rumen 
isolate from the United States (strain FD-1), and all of the rumen isolates appear to be 
more closely related to each other than to the human isolate (Ruminococcus sp. 
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18P13).  Analysis of the functional elements of these genomes revealed that, overall, 
the four strains are functionally quite similar to each other.  The functional and 
metabolic analysis also indicated that the draft genome of strain 17 seems to be 
lacking some metabolic enzymes and functional parts that are common to the other 
strains, suggesting that the genome sequence of this strain is further from completion 
than the other strains.   
Analysis of the main cellulosomal components, known as the sca cluster in R. 
flavefaciens, corroborated the results of the overall sequence comparisons.  The DNA 
sequences and synteny of the sca clusters in R. flavefaciens strains 007C and 17 were 
nearly identical, and although strain FD-1 shares a similar gene organization with 
strains 007C and 17, it displayed more divergence in DNA sequence similarity.   
The lack of evidence for a large cellulosomal complex in Ruminococcus sp. 
18P13 shows the greater divergence of this isolate from the rumen isolates.  The lack 
of a sca gene cluster in Ruminococcus sp. 18P13 is unsurprising, however, since it is 
a human intestinal isolate and therefore would not require a large cellulosome 
complex given that the majority of the substrates available in the human 
gastrointestinal tract are easy to ferment, unlike the complex lignocellulosic 
substrates that are prevalent in the rumen.  The comparison of cellulosomal 
components between the rumen isolates of Ruminococcus flavefaciens and the human 
isolate of an R. flavefaciens-related strain illustrates how environmental factors, such 
as competition among multiple species for an energy substrate, has influenced the 
evolution of these bacteria.   
 60 
The environment and geographic location of these strains has clearly played a 
role in their evolution, but to investigate the mechanisms involved in this evolution 
we looked for evidence of horizontal gene transfer (HGT), particularly through 
interactions with bacteriophages.  The presence of CRISPR loci and cas genes is an 
indication of “kill-the-winner” population dynamics involving the bacteriophages 
(14).  The “kill-the-winner” hypothesis states that as a host population increases, its 
corresponding phage predators increase, which ultimately results in a decrease in the 
host population as the phage predators overtake it and allows for a new bacterial 
population to become dominant (20). Because CRISPR are a type of acquired 
immunity to phages, they are constantly evolving through incorporation of more 
spacer sequences in order to combat phage attack (22).  The cycle of phage predation 
followed by acquired resistance to the phage predator by incorporation of a portion of 
the phage genome into the bacteria is a driving force of evolution in the phage and 
bacterial populations.  Furthermore, the presence of mobile elements in the 
Ruminococcus strains, especially integrases and elements that appear to be phage-
related, suggest that HGT is playing a role in the evolution of the bacteria and phages 
in the ecosystems of the rumen and the human gastrointestinal tract. 
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FIGURES 
 
Figure 2.1.  Whole genome sequence comparison of Ruminococcus flavefaciens 
strains 007C, 17, and FD-1, and Ruminococcus sp 18P13.  Sequence comparisons 
were carried out by the RAST (Rapid Annotation using Subsystem Techology) 
annotation server (1). For each panel, the first strain listed is the reference genome; all 
strains being compared to the reference genome are listed from outermost ring to 
innermost ring.  A) Strain 17 compared to strain 007C, FD-1 and Ruminococcus sp 
18P13.  B) Strain 007C compared to strain 17, FD-1, and Ruminococcus sp 18P13.  
C) Strain FD-1 compared to strain 007C, 17, and Ruminococcus sp 18P13.  D) 
Ruminococcus sp 18P13 compared to strain 007C, 17 and, FD-1.  
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Figure 2.2.  Comparison of sequence synteny among Ruminococcus flavefaciens 
strains 007C, 17, and FD-1 and Ruminococcus sp. 18P13 using the Artemis 
Comparison Tool (ACT) (6).  The contigs have been reordered to fully reveal the 
shared gene organization among the strains.  The forward and reverse matches 
between the nucleotide sequences are represented by the red and blue bands, 
respectively.  A) R. flavefaciens 007C, 17, and FD-1.  B) R. flavefaciens 007C, 17, 
and FD-1, and Ruminococcus sp. 18P13. 
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Figure 2.2 (continued) 
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Figure 2.3.  Metabolic pathway comparison of Ruminococcus flavefaciens strains 
007C, 17, and FD-1, and Ruminococcus sp. 18P13 based on EC numbers detected 
by RAST and visualized using iPath: Interactive Pathways Explorer (12).  Of the total 
EC numbers detected, 40% were shared by all four strains.  An additional 22% of the 
EC numbers were shared by all the strains except for strain 17, which suggests that 
this strain may be lacking some of the genes that encode for essential metabolic 
pathways, and could be an indication that the strain 17 draft genome is not as 
complete as those of the other three Ruminococcus strains.  The colors of the 
metabolic pathways are defined as follows: Gray, shared by all four strains; green, 
unique to 007C; yellow, unique to 17; red, unique to FD-1; orange, unique to 18P13; 
hot pink, 007C & 17; purple, 007C & FD-1; lavender, 007C & 18P13; light green, 17 
& 18P13; teal, FD-1 and 18P13; brown, not in 007C; blue, not in 17; pink, not in FD-
1; black, not in 18P13.  There were no EC numbers that were exclusively shared 
between strains 17 and FD-1. 
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Figure 2.4.  DNA sequence comparison of sca clusters among R. flavefaciens 
strains 007C, 17, and FD-1.  The sequences were analyzed using ACT with a 
minimum percent identity cutoff of 65% and a minimum sequence size of 50 bases. 
The forward and reverse matches between the nucleotide sequences are represented 
by the red and blue bands, respectively.  The genes in the sca clusters of each strain 
have the same arrangement in the genome.  Strain 007C and 17 share 98-99% DNA 
sequence similarity over the majority of their respective sca gene clusters.  The DNA 
sequence of the sca gene cluster from strain FD-1, however, is more divergent, 
sharing only ~70% sequence similarity to strains 007C and 17 in some regions of the 
sca gene cluster. 
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TABLES 
 
Table 2.1.  Summary of the genome characteristics of Ruminococcus flavefaciens 
strains 007C, 17, and FD-1, and Ruminococcus sp. 18P13. 
 
 Ruminococcus flavefaciens 
Ruminococcus sp. 
 007C 17 FD-1 18P13 
Draft genome size (bp) 3,649,758 3,454,941 4,573,733 2,573,208 
Coverage -- 154x 29x 26x 
Contigs 39 489 119 92 
Scaffolds -- 10 -- 1 
% G+C 46 45 45 53 
ORFs 3,176 3,301 3,995 2,338 
RNAs 50 53 63 46 
rRNA operons 1 2 2 1 
Origin Bovine rumen  Bovine rumen  Rumen pill  Human intestine 
Geographic location Aberdeen, 
Scotland 
Aberdeen, 
Scotland 
Fort Dodge 
Animal Health, 
USA 
INRA             
Clermont-Ferrand-
Theix, France 
 
 
 
 
Table 2.2.  Subsystem statistics for the draft genomes of four Ruminococcus 
strains. 
Subsystem No. of Features 
 R. flavefaciens Ruminococcus sp. 
 007C 17 FD-1 18P13 
Amino Acids and Derivatives 165 160 171 118 
Carbohydrates 124 96 119 120 
Protein Metabolism 116 85 147 98 
Cofactors, Vitamins, Prosthetic Groups, Pigments 108 86 115 73 
RNA Metabolism 54 39 53 46 
Cell Wall and Capsule 54 52 20 55 
Cell Division and Cell Cycle 53 21 57 46 
Nucleosides and Nucleotides 31 54 30 48 
Stress Response 41 37 44 38 
Fatty Acids, Lipids and Isoprenoids 38 27 41 42 
DNA Metabolism 34 25 48 16 
Phosphorus Metabolism 14 32 11 29 
Virulence 10 28 15 18 
Respiration 22 15 28 5 
Nitrogen Metabolism 9 12 11 9 
Regulation and Cell signaling 11 8 11 4 
Membrane Transport 8 10 9 6 
Dormancy and Sporulation 8 1 8 5 
Potassium metabolism 4 5 6 4 
Sulfur Metabolism 2 2 4 5 
Miscellaneous 2 1 2 1 
Metabolism of Aromatic Compounds 1 1 1 1 
Phages, Prophages, Transposable elements 0 1 0 1 
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Table 2.3.  Summary of the shared and unique functional characteristics of 
Ruminococcus flavefaciens strains 007C, 17 and FD-1 and Ruminococcus sp. 
18P13. 
Strain EC numbers detected 
(% of total) 
Functioning parts1 detected 
(% of total) 
007C 19 (4) 12 (1) 
17 8 (2) 58 (5) 
FD-1 26 (5) 30 (3) 
18P13 37 (7) 73 (6) 
007C & 17 4 (1) 9 (1) 
007C & FD-1 32 (6) 203 (17) 
007C & 18P13 6 (1) 26 (2) 
17 & FD-1 0 (0) 13 (1) 
17 & 18P13 7 (1) 47 (4) 
FD-1 & 18P13 11 (2) 10 (1) 
Shared by all except 007C  5 (1) 29 (2) 
Shared by all except 17  109 (22) 143 (12) 
Shared by all except FD-1  7 (1) 21 (2) 
Shared by all except 18P13  29 (6) 119 (10) 
Shared by all 199 (40) 401 (34) 
Total features 499 1194 
1 Functioning parts are determined from the RAST annotations and are defined as 
genes belonging to a SEED subsystem. 
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Table 2.4.  Putative mobile elements from Ruminococcus flavefaciens. 
Strain 007c       
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5168.peg.1 10 phage integrase family protein - none - 162 1397 1236 
fig|666666.5168.peg.2 10 putative integrase/recombinase - none - 1399 2388 990 
fig|666666.5168.peg.3 10 putative integrase/recombinase - none - 2375 3418 1044 
fig|666666.5168.peg.151 14 conserved hypothetical protein, phage associated - none - 27819 26863 957 
fig|666666.5168.peg.198 14 Site-specific recombinase - none - 80988 83165 2178 
fig|666666.5168.peg.277 14 Tn5045 resolvase - none - 167920 167453 468 
fig|666666.5168.peg.285 15 Integrase - none - 2948 3697 750 
fig|666666.5168.peg.1034 682 predicted recombinase - none - 186043 184559 1485 
fig|666666.5168.peg.1103 682 site-specific recombinase, phage integrase family - none - 269150 267960 1191 
fig|666666.5168.peg.1119 683 Site-specific recombinase - none - 13698 11842 1857 
fig|666666.5168.peg.1120 683 TnpY - none - 14731 13664 1068 
fig|666666.5168.peg.1125 683 prophage LambdaSa04, site-specific recombinase, 
resolvase family 
- none - 20386 19196 1191 
fig|666666.5168.peg.1126 683 putative site-specific recombinase - none - 21891 20383 1509 
fig|666666.5168.peg.1128 683 Phage integrase (Site-specific recombinase) - none - 24505 23537 969 
fig|666666.5168.peg.1132 683 Holin, toxin secretion/phage lysis - none - 27527 27204 324 
fig|666666.5168.peg.1140 683 Tail length tape measure protein - none - 39055 34178 4878 
fig|666666.5168.peg.1144 683 major tail protein, phi13 family - none - 40957 40307 651 
fig|666666.5168.peg.1145 683 Prophage pi2 protein 38 - none - 41277 40960 318 
fig|666666.5168.peg.1146 683 Phage protein - none - 41642 41274 369 
fig|666666.5168.peg.1149 683 Phage major capsid protein #Fam0007 - none - 43549 42293 1257 
fig|666666.5168.peg.1150 683 Prophage Clp protease-like protein cAMP signaling 
in bacteria 
44533 43604 930 
fig|666666.5168.peg.1151 683 Phage portal protein - none - 45904 44534 1371 
fig|666666.5168.peg.1152 683 phage terminase, large subunit, putative - none - 47557 45917 1641 
fig|666666.5168.peg.1153 683 phage terminase, small subunit, putative, P27 
family 
- none - 48030 47557 474 
fig|666666.5168.peg.1173 683 DNA primase/helicase, phage-associated - none - 65975 63540 2436 
fig|666666.5168.peg.1175 683 DNA helicase, phage-associated - none - 67918 66548 1371 
fig|666666.5168.peg.1176 683 phage protein, putative - none - 68355 67915 441 
fig|666666.5168.peg.1179 683 DNA polymerase, phage-associated - none - 71599 69644 1956 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5168.peg.1180 683 Phage protein - none - 72231 71650 582 
fig|666666.5168.peg.1181 683 Phage protein - none - 73436 72258 1179 
fig|666666.5168.peg.1186 683 phage transcriptional repressor - none - 78162 79043 882 
fig|666666.5168.peg.1295 749 Site-specific recombinase - none - 22082 20433 1650 
fig|666666.5168.peg.1298 749 Relaxase/mobilization nuclease domain - none - 23971 25074 1104 
fig|666666.5168.peg.1305 749 Relaxase/mobilization nuclease domain - none - 38843 40000 1158 
fig|666666.5168.peg.1357 749 phage integrase - none - 99980 101287 1308 
fig|666666.5168.peg.1556 750 Integrase, catalytic region - none - 215864 216550 687 
fig|666666.5168.peg.1699 751 Phage integrase - none - 148976 147987 990 
fig|666666.5168.peg.2029 836 Phage terminase large subunit - none - 99304 100512 1209 
fig|666666.5168.peg.2166 916 phage shock protein A, PspA - none - 47028 47723 696 
fig|666666.5168.peg.2616 916 Integrase - none - 514804 515994 1191 
fig|666666.5168.peg.2741 935 Mobilization protein - none - 23721 25085 1365 
fig|666666.5168.peg.2742 935 Recombinase - none - 25417 27108 1692 
fig|666666.5168.peg.2747 936 Putative Holliday junction resolvase (EC 3.1.-.-) CBSS-
257314.1.peg.4
88 
3576 3148 429 
fig|666666.5168.peg.3041 937 Phage integrase - none - 151496 152683 1188 
fig|666666.5168.peg.3066 937 site-specific recombinase, phage integrase family - none - 185624 184386 1239 
fig|666666.5168.peg.3070 937 Site-specific recombinase, resolvase family - none - 191047 190541 507 
fig|666666.5168.peg.3081 937 Transposase IS66 - none - 208865 207354 1512 
 
Strain 17       
Feature ID Scaffold Function Subsystems Start Stop Length (bp) 
fig|6666666.141.peg.154 1 Phage head-tail adaptor, putative - none - 221048 220743 306 
fig|6666666.141.peg.157 1 Phage head maturation protease - none - 223763 223191 573 
fig|6666666.141.peg.159 1 Portal protein, phage associated - none - 224596 223934 663 
fig|6666666.141.peg.160 1 Portal protein, phage associated - none - 225116 224784 333 
fig|6666666.141.peg.161 1 Phage terminase, large subunit - none - 225847 225128 720 
fig|6666666.141.peg.170 1 conserved hypothetical protein; Bacteriophage P2 
associated 
- none - 231369 231130 240 
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Table 2.4 (continued) 
Feature ID Scaffold Function Subsystems Start Stop Length (bp) 
fig|6666666.141.peg.265 1 Integrase - none - 305479 304613 867 
fig|6666666.141.peg.622 3 Integrase - none - 400692 400991 300 
fig|6666666.141.peg.757 3 Probable integrase/recombinase - none - 538809 537820 990 
fig|6666666.141.peg.1375 4 IS66 Orf2 like - none - 299669 300025 357 
fig|6666666.141.peg.1376 4 transposase IS66 - none - 300165 300770 606 
fig|6666666.141.peg.1377 4 transposase IS66 - none - 300957 301757 801 
fig|6666666.141.peg.1382 4 IS66 Orf2 like - none - 307655 307299 357 
fig|6666666.141.peg.1678 4 Phage tail length tape-measure protein Phage tail 
proteins 2 
653271 653477 207 
fig|6666666.141.peg.1014 4 putative transposon integrase; Tn916 ORF3-like - none - 663975 662770 1206 
fig|6666666.141.peg.1015 4 putative transposon excisionase; Tn916 ORF1-like - none - 664264 664061 204 
fig|6666666.141.peg.1056 4 Integrative genetic element Gsu5, resolvase - none - 719708 720280 573 
fig|6666666.141.peg.2061 6 Integrase - none - 25412 24213 1200 
fig|6666666.141.peg.2165 6 TnpV - none - 40579 40881 303 
fig|6666666.141.peg.2309 6 putative resolvase - none - 73675 74268 594 
fig|6666666.141.peg.2323 6 site-specific recombinase, phage integrase family - none - 84903 84502 402 
fig|6666666.141.peg.1751 6 Recombinase - none - 86303 85266 1038 
fig|6666666.141.peg.1752 6 Recombinase - none - 86692 86300 393 
fig|6666666.141.peg.1753 6 Phage integrase (Site-specific recombinase) - none - 88221 86671 1551 
fig|6666666.141.peg.1912 6 Phage replication protein - none - 227937 228284 348 
fig|6666666.141.peg.1914 6 Probable mobilization protein MobA - none - 228679 230193 1515 
fig|6666666.141.peg.1916 6 Phage integrase - none - 230461 231678 1218 
fig|6666666.141.peg.2330 6 phage shock protein A, PspA - none - 611651 610956 696 
fig|6666666.141.peg.2924 8 Site-specific recombinase, resolvase family - none - 45740 45150 591 
fig|6666666.141.peg.2810 8 transposase and inactivated derivatives - none - 316178 317236 1059 
fig|6666666.141.peg.2838 8 Transposase IS66 - none - 343977 343045 933 
fig|6666666.141.peg.2839 8 Prophage LambdaBa04, site-specific recombinase, 
phage integrase family 
- none - 346686 345655 1032 
fig|6666666.141.peg.2841 8 Phage antirepressor protein - none - 348379 347642 738 
fig|6666666.141.peg.2851 8 putative mobilization protein - none - 354781 355110 330 
fig|6666666.141.peg.2853 8 Site-specific recombinase - none - 356951 356736 216 
fig|6666666.141.peg.2881 8 prophage ps3 protein 01, putative - none - 405208 404207 1002 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|6666666.141.peg.2947 8 Probable site-specific serine recombinase-
resolvase family protein 
- none - 467853 468494 642 
fig|6666666.141.peg.2952 8 phage integrase family protein - none - 472353 473558 1206 
fig|6666666.141.peg.2953 8 DNA primase/helicase, phage-associated - none - 473591 474958 1368 
fig|6666666.141.peg.2958 8 Prophage LambdaBa04, site-specific recombinase, 
phage integrase family 
- none - 481966 480923 1044 
fig|6666666.141.peg.3137 8 Putative Holliday junction resolvase (EC 3.1.-.-) - none - 648186 648614 429 
 
Strain FD-1       
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5172.peg.2835 7 Site-specific recombinase - none - 1493 3121 1629 
fig|666666.5172.peg.2243 26.56 Phage terminase large subunit - none - 17315 18562 1248 
fig|666666.5172.peg.2301 34.92 resolvase - none - 4556 5929 1374 
fig|666666.5172.peg.2343 35 Phage integrase - none - 11462 12652 1191 
fig|666666.5172.peg.2353 35 mobilization protein Mob 14-3 - none - 21644 22843 1200 
fig|666666.5172.peg.2356 35 Integrase - none - 23391 24590 1200 
fig|666666.5172.peg.2531 52 Putative Holliday junction resolvase (EC 3.1.-.-) CBSS-
257314.1.peg.4
88 
6266 5835 432 
fig|666666.5172.peg.2618 58 mobilization protein - none - 2255 3424 1170 
fig|666666.5172.peg.2619 58 Integrative genetic element Gsu5, resolvase - none - 3877 4470 594 
fig|666666.5172.peg.2626 58 Relaxase/mobilization nuclease domain - none - 8198 8971 774 
fig|666666.5172.peg.2740 65 Site-specific recombinase, DNA invertase Pin 
homolog 
- none - 7451 8821 1371 
fig|666666.5172.peg.2794 69 possible mobilisation protein - none - 6321 6632 312 
fig|666666.5172.peg.2872 71 putative site-specific recombinase - none - 11150 9597 1554 
fig|666666.5172.peg.2873 71 site-specific recombinase, phage integrase family - none - 13113 11563 1551 
fig|666666.5172.peg.2876 71 Holin, toxin secretion/phage lysis - none - 15982 15653 330 
fig|666666.5172.peg.3007 76 Phage integrase - none - 3449 2295 1155 
fig|666666.5172.peg.3020 76 hypothetical protein, phage associated - none - 11160 12278 1119 
fig|666666.5172.peg.3021 76 hypothetical protein, phage associated - none - 12292 12885 594 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5172.peg.3022 76 DNA helicase, phage associated; Type III 
restriction enzme 
- none - 12910 14499 1590 
fig|666666.5172.peg.3023 76 Phage replicative DNA helicase, repA - none - 14501 16732 2232 
fig|666666.5172.peg.3031 76 Terminase small subunit - none - 19439 19894 456 
fig|666666.5172.peg.3032 76 Phage terminase large subunit - none - 19897 21162 1266 
fig|666666.5172.peg.3033 76 Phage minor capsid protein #Fam0015 - none - 21231 22541 1311 
fig|666666.5172.peg.3048 76 Phage tail tape measure protein TP901, core region - none - 29661 33356 3696 
fig|666666.5172.peg.3048 76 Phage tail tape measure protein TP901, core region - none - 29661 33356 3696 
fig|666666.5172.peg.3292 84 phage shock protein A, PspA - none - 29436 30119 684 
fig|666666.5172.peg.3322 85 integrative genetic element Gsu5, resolvase - none - 49 642 594 
fig|666666.5172.peg.3329 85 Site-specific recombinase - none - 6999 5353 1647 
fig|666666.5172.peg.3377 86 Phage integrase - none - 19189 18206 984 
fig|666666.5172.peg.3428 87 site-specific recombinase, resolvase family, 
putative 
- none - 27579 28088 510 
fig|666666.5172.peg.3436 87 ORF-2 (putative integrase - GenBank) - none - 34782 35768 987 
fig|666666.5172.peg.3771 97 phage integrase family protein - none - 10572 10913 342 
fig|666666.5172.peg.3772 97 putative integrase/recombinase - none - 11040 12284 1245 
fig|666666.5172.peg.3773 97 putative integrase/recombinase - none - 12281 12943 663 
fig|666666.5172.peg.3775 97 putative integrase/recombinase - none - 13237 14265 1029 
fig|666666.5172.peg.3781 97 Site-specific recombinase, DNA invertase Pin 
related protein 
- none - 19899 20147 249 
fig|666666.5172.peg.3809 98 Integrase - none - 22973 21855 1119 
fig|666666.5172.peg.3815 98 Site-specific recombinase - none - 25574 26827 1254 
fig|666666.5172.peg.3824 98 resolvase - none - 35185 36738 1554 
fig|666666.5172.peg.3881 99 Site-specific recombinase, resolvase family - none - 17673 18296 624 
fig|666666.5172.peg.163 103 mobilization protein - none - 25306 26598 1293 
fig|666666.5172.peg.164 103 Phage integrase - none - 26717 27877 1161 
fig|666666.5172.peg.168 103 Phage integrase - none - 30484 31671 1188 
fig|666666.5172.peg.180 103 abortive lactococcal phage infection protein, N-
terminal region 
- none - 44100 43204 897 
fig|666666.5172.peg.231 104 Relaxase/mobilization nuclease domain containing 
protein 
- none - 21108 22442 1335 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5172.peg.265 104 DNA polymerase, phage-associated - none - 66870 64906 1965 
fig|666666.5172.peg.266 104 Recombinase - none - 68453 66924 1530 
fig|666666.5172.peg.274 104 Recombinase - none - 75084 73951 1134 
fig|666666.5172.peg.285 104 Recombinase - none - 87415 86180 1236 
fig|666666.5172.peg.296 105 Prophage LambdaBa04, site-specific recombinase, 
phage integrase family 
- none - 752 39 714 
fig|666666.5172.peg.441 108 Site-specific recombinase - none - 23173 24816 1644 
fig|666666.5172.peg.442 108 Integrase - none - 26203 25160 1044 
fig|666666.5172.peg.880 114 Phage protein - none - 37785 38351 567 
fig|666666.5172.peg.881 114 DNA polymerase, phage-associated - none - 38540 40516 1977 
fig|666666.5172.peg.883 114 DNA primase/helicase, phage-associated - none - 41274 43313 2040 
fig|666666.5172.peg.884 114 DNA helicase, phage-associated - none - 43740 44993 1254 
fig|666666.5172.peg.886 114 phage holin, putative - none - 45594 45944 351 
fig|666666.5172.peg.898 114 terminase, large subunit, putative - none - 54037 55038 1002 
fig|666666.5172.peg.899 114 Phage terminase large subunit - none - 55201 55638 438 
fig|666666.5172.peg.900 114 Phage portal protein - none - 56148 57170 1023 
fig|666666.5172.peg.902 114 Prophage Clp protease-like protein cAMP signaling 
in bacteria 
57391 58143 753 
fig|666666.5172.peg.903 114 Phage major capsid protein #Fam0007 - none - 58159 59364 1206 
fig|666666.5172.peg.907 114 prophage pi2 protein 38 - none - 60338 60655 318 
fig|666666.5172.peg.908 114 major tail protein, phi13 family - none - 60658 61296 639 
fig|666666.5172.peg.911 114 tail tape measure protein, TP901 family - none - 62509 66843 4335 
fig|666666.5172.peg.919 114 toxin secretion/phage lysis holin - none - 73189 73599 411 
fig|666666.5172.peg.971 115 predicted recombinase - none - 47220 48677 1458 
fig|666666.5172.peg.977 115 DNA primase/helicase, phage-associated - none - 55116 53023 2094 
fig|666666.5172.peg.1102 117 Integrase - none - 30033 31076 1044 
fig|666666.5172.peg.1107 117 DNA primase/helicase, phage-associated - none - 35743 34403 1341 
fig|666666.5172.peg.1108 117 phage integrase family protein - none - 37007 35808 1200 
fig|666666.5172.peg.1115 117 Phage integrase - none - 44613 43438 1176 
fig|666666.5172.peg.1170 119 putative site-specific recombinase - none - 30220 28625 1596 
fig|666666.5172.peg.1173 119 putative site-specific recombinase - none - 32749 31208 1542 
fig|666666.5172.peg.1211 119 Site-specific recombinase - none - 77169 75547 1623 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5172.peg.1324 120 Putative phage protein - none - 74777 76180 1404 
fig|666666.5172.peg.1331 120 ISSth1, transposase (orf2), IS3 family - none - 87790 87566 225 
fig|666666.5172.peg.1350 120 Phage portal protein - none - 112871 113365 495 
fig|666666.5172.peg.1351 120 Prophage Clp protease-like protein - none - 113366 114286 921 
fig|666666.5172.peg.1356 120 phage protein, similar to tail length tape measure 
protein 
- none - 118164 121640 3477 
fig|666666.5172.peg.1356 120 phage protein, similar to tail length tape measure 
protein 
- none - 118164 121640 3477 
fig|666666.5172.peg.1378 121 transposase IS200-like - none - 27578 27297 282 
fig|666666.5172.peg.1483 122 IS66 Orf2 like - none - 12212 12568 357 
fig|666666.5172.peg.1484 122 transposase IS66 - none - 12710 14308 1599 
fig|666666.5172.peg.1495 122 transposase - none - 28302 29384 1083 
fig|666666.5172.peg.1502 122 IS66 Orf2 like - none - 37318 37097 222 
fig|666666.5172.peg.1536 122 Phage-related regulatory protein cII - none - 76213 77184 972 
fig|666666.5172.peg.1538 122 COG4584: Transposase and inactivated 
derivatives 
- none - 78756 79976 1221 
fig|666666.5172.peg.1554 122 Site-specific recombinase - none - 100218 102437 2220 
fig|666666.5172.peg.1558 122 Recombinase - none - 105793 106503 711 
fig|666666.5172.peg.1569 122 Integrase - none - 121813 122625 813 
fig|666666.5172.peg.1578 122 Integrase - none - 129072 127999 1074 
fig|666666.5172.peg.1673 123 Phage-related protein - none - 75996 75598 399 
fig|666666.5172.peg.1675 123 Integrative genetic element Gsu5, resolvase - none - 77385 76810 576 
fig|666666.5172.peg.1701 123 Phage integrase - none - 102069 101050 1020 
fig|666666.5172.peg.1940 125 Transposase subunit - none - 29363 30781 1419 
fig|666666.5172.peg.1941 125 Transposase subunit - none - 30774 31556 783 
fig|666666.5172.peg.1946 125 putative phage minor head protein - none - 38254 41625 3372 
fig|666666.5172.peg.1947 125 COG4584: Transposase and inactivated 
derivatives 
- none - 43370 44851 1482 
fig|666666.5172.peg.1958 125 Integrase - none - 61053 59953 1101 
fig|666666.5172.peg.1988 125 integrase - none - 88953 87739 1215 
fig|666666.5172.peg.2021 126 phage antirepressor protein, putative - none - 47737 46973 765 
fig|666666.5172.peg.2033 126 Relaxase/mobilization nuclease domain - none - 56481 57641 1161 
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Table 2.4 (continued) 
Feature ID Contig Function Subsystems Start Stop Length (bp) 
fig|666666.5172.peg.2058 126 Integrase - none - 79535 81721 2187 
fig|666666.5172.peg.2070 126 mobilization protein - none - 91554 90385 1170 
fig|666666.5172.peg.2077 126 resolvase - none - 95799 97352 1554 
fig|666666.5172.peg.2099 126 integrative genetic element Gsu5, resolvase - none - 130532 130005 528 
fig|666666.5172.peg.816 113.1.2.118 mobilization protein - none - 131177 129888 1290 
 
Ruminococcus sp. 18P13       
Feature ID Scaffold Function Subsystems Start Stop Length (bp) 
fig|6666666.593.peg.1 N/A Transposase OrfAB, subunit B - none - 190 765 576 
fig|6666666.593.peg.10 N/A Site-specific recombinase - none - 157553 155685 1869 
fig|6666666.593.peg.27 N/A Phage integrase - none - 176540 177472 933 
fig|6666666.593.peg.35 N/A putative minor tail protein - none - 188982 188638 345 
fig|6666666.593.peg.187 N/A phage shock protein A, PspA - none - 310548 311237 690 
fig|6666666.593.peg.198 N/A Phage terminase large subunit - none - 320645 319347 1299 
fig|6666666.593.peg.684 N/A Holin, toxin secretion/phage lysis - none - 831199 830792 408 
fig|6666666.593.peg.728 N/A Integrase - none - 881090 880254 837 
fig|6666666.593.peg.735 N/A Site-specific recombinase - none - 886765 888396 1632 
fig|6666666.593.peg.940 N/A Integrase, superantigen-encoding pathogenicity 
islands SaPI 
- none - 1126601 1127689 1089 
fig|6666666.593.peg.976 N/A Transposase - none - 1163424 1162504 921 
fig|6666666.593.peg.1088 N/A Site-specific recombinase - none - 1297431 1296274 1158 
fig|6666666.593.peg.1109 N/A Integrase, superantigen-encoding pathogenicity 
islands SaPI 
- none - 1325134 1324028 1107 
fig|6666666.593.peg.1153 N/A phage integrase - none - 1376628 1377821 1194 
fig|6666666.593.peg.1164 N/A Phage-related protein - none - 1388885 1389286 402 
fig|6666666.593.peg.1165 N/A putative conjugative transposon mobilization 
protein 
- none - 1391256 1389379 1878 
fig|6666666.593.peg.1251 N/A Resolvase, N-terminal domain protein - none - 1479071 1477365 1707 
fig|6666666.593.peg.1605 N/A Phage antirepressor protein - none - 1846978 1847799 822 
fig|6666666.593.peg.1620 N/A phage conserved hypothetical protein TIGR01671 - none - 1860134 1860592 459 
fig|6666666.593.peg.1631 N/A Tail length tape measure protein - none - 1872452 1869525 2928 
fig|6666666.593.peg.1637 N/A Phage capsid protein #Fam0004 - none - 1876293 1875223 1071 
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Table 2.4 (continued) 
Feature ID Scaffold Function Subsystems Start Stop Length (bp) 
fig|6666666.593.peg.1649 N/A Integrase - none - 1885524 1886657 1134 
fig|6666666.593.peg.1692 N/A Phage endopeptidase - none - 1900939 1899848 1092 
fig|6666666.593.peg.1694 N/A Phage minor tail protein Phage tail 
proteins 2 
1904875 1903760 1116 
fig|6666666.593.peg.1705 N/A Portal protein [Bacteriophage A118] - none - 1912972 1911623 1350 
fig|6666666.593.peg.1706 N/A Phage terminase large subunit - none - 1914194 1912965 1230 
fig|6666666.593.peg.1709 N/A possible bacteriophage Mu GP27-like protein - none - 1915919 1915377 543 
fig|6666666.593.peg.1793 N/A Putative Holliday junction resolvase (EC 3.1.-.-) CBSS-
257314.1.peg.4
88 
1990603 1991025 423 
fig|6666666.593.peg.1896 N/A Probable integrase/recombinase - none - 2090447 2089452 996 
fig|6666666.593.peg.1933 N/A integrative genetic element Gsu5, resolvase - none - 2135767 2136360 594 
fig|6666666.593.peg.2018 N/A Phage lysin, glycosyl hydrolase, family 25 - none - 2232883 2231381 1503 
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Table 2.5.  Putative CRISPR in Ruminococcus flavefaciens as identified by the 
CRISPRFinder online tool. 
 
Strain 007c      
CRISPR i.d. Contig Confirmed or 
Questionable  
Start End CRISPR 
length (bp) 
tmp_24_PossibleCrispr_1 751 Questionable 92685 92799 114 
tmp_28_PossibleCrispr_1 916 Questionable 494531 494633 102 
      
Strain 17      
CRISPR i.d. Scaffold Confirmed or 
Questionable  
Start End CRISPR 
length (bp) 
tmp_3_PossibleCrispr_1 3 Questionable 482381 482495 114 
tmp_4_PossibleCrispr_1 4 Questionable 291326 291421 95 
tmp_4_PossibleCrispr_2 4 Questionable 291554 291777 223 
tmp_4_PossibleCrispr_3 4 Questionable 369497 371408 1911 
tmp_6_PossibleCrispr_1 6 Questionable 294442 294528 86 
tmp_8_PossibleCrispr_1 8 Questionable 374484 374583 99 
tmp_8_PossibleCrispr_2 8 Questionable 374706 374933 227 
      
Strain FD-1      
CRISPR i.d. Contig Confirmed or 
Questionable  
Start End CRISPR 
length (bp) 
tmp_73_PossibleCrispr_1 76 Questionable 60747 60863 116 
tmp_86_Crispr_1 90 Confirmed 15183 17249 2066 
tmp_100_Crispr_1 105 Confirmed 6455 6686 231 
tmp_105_PossibleCrispr_1 110 Questionable 9146 9264 118 
tmp_114_PossibleCrispr_1 121 Questionable 51114 51219 105 
tmp_117_PossibleCrispr_1 124 Questionable 3084 3176 92 
      
Ruminococcus sp 18P13      
CRISPR i.d. Scaffold Confirmed or 
Questionable  
Start End CRISPR 
length (bp) 
tmp_1_Crispr_5  N/A Confirmed 893215 893501 286 
tmp_1_Crispr_6  N/A Confirmed 1892791 1895547 2756 
tmp_1_Crispr_7  N/A Confirmed 1895888 1896920 1032 
tmp_1_PossibleCrispr_1  N/A Questionable 242385 242480 95 
tmp_1_PossibleCrispr_2  N/A Questionable 262739 262829 90 
tmp_1_PossibleCrispr_3  N/A Questionable 746251 746353 102 
tmp_1_PossibleCrispr_4 N/A Questionable 828919 829049 130 
tmp_1_PossibleCrispr_8  N/A Questionable 1919156 1919254 98 
tmp_1_PossibleCrispr_9 N/A Questionable 2556636 2556731 95 
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Table 2.5 (continued) 
 
Strain 007c  
CRISPR i.d. Direct repeat consensus 
tmp_24_PossibleCrispr_1 TGGACCTGTGAGTGCGGCGCTGTAAATA 
tmp_28_PossibleCrispr_1 ATAAAGAACAAATAAAGAACAAGATT 
  
Strain 17  
CRISPR i.d. Direct repeat consensus 
tmp_3_PossibleCrispr_1 TGGACCTGTGAGTGCGGCGCTGTAAATA 
tmp_4_PossibleCrispr_1 ACCTCAAAGGTAACGGATATGAG 
tmp_4_PossibleCrispr_2 ACCTCAAAGGTAACGGATATGAG 
tmp_4_PossibleCrispr_3 GTTGTTATTCCAGCTGTTCCAGTCATTGTT 
tmp_6_PossibleCrispr_1 CTGGGGCGCATGGGGTCAGAACGGCGA 
tmp_8_PossibleCrispr_1 GATACCTCAAAGGTAACGGATATGAGC 
tmp_8_PossibleCrispr_2 GATACCTCAAAGGTAACGGATATGAGC 
  
Strain FD-1  
CRISPR i.d. Direct repeat consensus 
tmp_73_PossibleCrispr_1 AGCTTGCCGTCGAGCGACCTGAGACTCATCG 
tmp_86_Crispr_1 ATTTCAATCCACTCCCTCCGTGTGGAGGGAGAC 
tmp_100_Crispr_1 GAACTATAGTAGTGTGAATTTACACTACTCTAAAAC 
tmp_105_PossibleCrispr_1 ACAGAGTAAGCGAGTTTACGAGCGAATCGTG 
tmp_114_PossibleCrispr_1 CCCTTTCGGAACATTGGTGTTAAGTTGTACTTTTT 
tmp_117_PossibleCrispr_1 CTGCTGCTGTGGCTGATTCCAGTTCTGCTGCTG 
  
Ruminococcus sp 18P13  
CRISPR i.d. Direct repeat consensus 
tmp_1_Crispr_5  TGCGGTGAAAATACCGGCACGATTACCAATAGCTA 
tmp_1_Crispr_6  GTCACGCCCTACACGGGCGTGTGAGTTGAAAT 
tmp_1_Crispr_7  GTCACGCCCTACACGGGCGTGTGAGTTGAAAT 
tmp_1_PossibleCrispr_1  TCTATTTGTTTAACCGGACGGGTCACGCA 
tmp_1_PossibleCrispr_2  AGCACGCAGAGCATCAAAGACAA 
tmp_1_PossibleCrispr_3  AATTCACTATAGTATTGTTTTACACATTCCTCTGGGG 
tmp_1_PossibleCrispr_4 GCTGCAGGCGCAGAAAGCTGGGACAGAATGGAGTCAATGTCCTC 
tmp_1_PossibleCrispr_8  GTCACGCCCTACACGGGCGTGTGAGTTGAAATT 
tmp_1_PossibleCrispr_9 CTGTGGAGGAGCTGCATGAATAAGAT 
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Table 2.5 (continued) 
 
Strain 007c     
CRISPR i.d. DR length 
(bp) 
Number of 
spacers 
Spacer 
start 
Average spacer 
length 
tmp_24_PossibleCrispr_1 28 1 92713 59 
tmp_28_PossibleCrispr_1 26 1 494557 51 
     
Strain 17     
CRISPR i.d. DR length 
(bp) 
Number of 
spacers 
Spacer 
start 
Average spacer 
length 
tmp_3_PossibleCrispr_1 28 1 482409 59 
tmp_4_PossibleCrispr_1 23 1 291349 49 
tmp_4_PossibleCrispr_2 23 2 291577 78 
tmp_4_PossibleCrispr_3 30 13 369527 115 
tmp_6_PossibleCrispr_1 27 1 294469 33 
tmp_8_PossibleCrispr_1 27 1 374511 45 
tmp_8_PossibleCrispr_2 27 2 374733 74 
     
Strain FD-1     
CRISPR i.d. DR length 
(bp) 
Number of 
spacers 
Spacer 
start 
Average spacer 
length 
tmp_73_PossibleCrispr_1 31 1 60778 55 
tmp_86_Crispr_1 33 30 15216 35 
tmp_100_Crispr_1 36 3 6491 29 
tmp_105_PossibleCrispr_1 31 1 9177 57 
tmp_114_PossibleCrispr_1 35 1 51149 36 
tmp_117_PossibleCrispr_1 33 1 3117 27 
     
Ruminococcus sp 18P13     
CRISPR i.d. DR length 
(bp) 
Number of 
spacers 
Spacer 
start 
Average spacer 
length 
tmp_1_Crispr_5 35 3 893250 49 
tmp_1_Crispr_6 32 41 1892823 34 
tmp_1_Crispr_7 32 15 1895920 35 
tmp_1_PossibleCrispr_1 29 1 242414 38 
tmp_1_PossibleCrispr_2 23 1 262762 45 
tmp_1_PossibleCrispr_3 37 1 746288 29 
tmp_1_PossibleCrispr_4 44 1 828963 43 
tmp_1_PossibleCrispr_8 33 1 1919189 33 
tmp_1_PossibleCrispr_9 26 1 2556662 44 
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Table 2.6. Putative CRISPR-associated (Cas) proteins from Ruminococcus flavefaciens strains 17 and FD-1 and Ruminococcus 
sp. 18P13. 
 
Strain 17       
Feature ID Scaffold Function Subsystem Start Stop Length (bp) 
fig|6666666.141.peg.1904 6 CRISPR-associated helicase Cas3 (N-terminus is truncated) none 218325 218972 648 
fig|6666666.141.peg.1905 6 CRISPR-associated protein, CT1134 family (Cas5) CRISPRs 218990 219709 720 
fig|6666666.141.peg.1906 6 conserved hypothetical protein (similar to CRISPR-associated 
protein CT1133 family; Csd1 family) 
none 220535 221812 1278 
fig|6666666.141.peg.1907 6 CRISPR-associated protein, TM1801 family CRISPRs 221827 222699 873 
fig|6666666.141.peg.1908 6 CRISPR-associated RecB family exonuclease Cas4b none 222738 223370 633 
fig|6666666.141.peg.1909 6 CRISPR-associated protein Cas1 CRISPRs 223534 224388 855 
fig|6666666.141.peg.1910 6 CRISPR-associated protein Cas2 CRISPRs 224401 224688 288 
       
       
Strain FD-1       
Feature ID Contig Function Subsystem Start Stop Length (bp) 
fig|666666.5172.peg.3521 90 CRISPR-associated helicase Cas3 CRISPRs 22875 25199 2325 
fig|666666.5172.peg.3520 90 CRISPR-associated protein, CT1134 family (Cas5) CRISPRs 22112 22861 750 
fig|666666.5172.peg.3519 90 CRISPR-associated protein, CT1133 family (Csd1 family) none 20272 22125 1854 
fig|666666.5172.peg.3518 90 CRISPR-associated protein, TM1801 family CRISPRs 19408 20271 864 
fig|666666.5172.peg.3517 90 CRISPR-associated RecB family exonuclease Cas4b CRISPRs 18743 19384 642 
fig|666666.5172.peg.3516 90 CRISPR-associated protein Cas1 CRISPRs 17715 18746 1032 
fig|666666.5172.peg.3515 90 CRISPR-associated protein Cas2 CRISPRs 17420 17710 291 
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Table 2.6 (continued) 
 
Ruminococcus sp. 18P13       
Feature ID Contig Function Subsystem Start Stop Length (bp) 
fig|6666666.593.peg.1650 N/A hypothetical protein (similar to CRISPR-associated helicase 
Cas3) 
none 1886934 1887176 243 
fig|6666666.593.peg.1651 N/A CRISPR-associated protein, CT1134 family CRISPRs 1887205 1887930 726 
fig|6666666.593.peg.1652 N/A hypothetical protein (similar to CRISPR-associated protein, Csd1 
family) 
none 1887924 1889765 1842 
fig|6666666.593.peg.1653 N/A CRISPR-associated protein, TM1801 family CRISPRs 1889780 1890652 873 
fig|6666666.593.peg.1654 N/A CRISPR-associated RecB family exonuclease Cas4b none 1890649 1891323 675 
fig|6666666.593.peg.1655 N/A CRISPR-associated protein Cas1 CRISPRs 1891320 1892342 1023 
fig|6666666.593.peg.1656 N/A CRISPR-associated protein Cas2 CRISPRs 1892352 1892642 291 
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CHAPTER 3.  THE RUMEN VIRAL METAGENOME 
 
INTRODUCTION 
 
The rumen environment is home to a diverse population of microbes 
encompassing all three domains of life: Bacteria, Archaea, and Eukarya.  Of the three 
domains of life inhabiting the rumen, the bacteria are predominant (1010 - 1011 cells 
per gram of rumen contents) (12, 24).  Previous research has examined the structure 
of the microbial communities, and given insights into the possible metabolisms at 
work, especially those aimed at the degradation of lignocellulosic material that makes 
up plant cell walls (6, 12, 15, 16, 27).  The structure of the rumen viral communities, 
however, is not as well known.  In general the impact of viruses is greatly overlooked, 
despite being the most abundant biological entities on the planet, totaling an 
estimated 1031 viral particles globally (4, 22).  Viruses have been shown to be a 
driving factor in the evolution of microbial communities in various environments (3, 
5, 8, 10, 18-20, 23).  They play a role in controlling the numbers of microbes in an 
ecosystem, naturally selecting phage-resistant microbes, and facilitating horizontal 
gene transfer (4, 21, 22).  
In the rumen, the occurrence of bacteriophages has been documented at 107 - 
109 particles per ml and, due to being maintained at high numbers, they likely play a 
role in the population dynamics of the rumen bacteria, possibly maintaining a balance 
in the rumen microbial communities (13, 14).  The bacteria undergo phases of 
spontaneous lysis due to the lytic phage populations, which reduces the efficiency of 
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the ruminant to convert feed to energy (14, 28).  Associations between the phage 
populations and the nutrition of the animal have been previously examined (28).  In 
animals fed once per day, the total phage populations have been shown to fluctuate, 
dropping to their lowest levels approximately two hours after feeding and reaching 
their highest levels eight to ten hours after feeding, before finally declining to a stable 
level.  Animals fed continuously are predicted to have less variation in their phage 
populations (28).  The bacteriophages are also predicted to be involved in the 
recycling of protein in the rumen, which could also decrease the efficiency of feed 
utilization by the animal (28).   
Previous studies have shown that phage populations are diverse and unique to 
the individual, much like the bacterial populations (13, 28).  However, these studies 
merely quantified the phages and used pulse-field gel eletrophoresis (PFGE) to 
measure diversity.  There has not been any study, to our knowledge, that identifies the 
types of phage that inhabit the rumen and their respective hosts.  Using a 
metagenomic approach, involving the isolation of the total DNA from a phage-
enriched fraction of rumen fluid and subsequent pyrosequencing of the total viral 
metagenome (virome), we aimed to uncover the phage types that play an important 
role in the rumen environment and hypothesize on how these phages could be 
influencing the evolution of the rumen microbiome.  
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METHODS 
 
Rumen fluid collection and processing 
Rumen fluid was collected from three fistulated cows at the University of 
Illinois at Urbana-Champaign dairy farm.  The bacteriophages are only associated 
with the liquid fraction of the rumen contents, therefore it was not necessary to collect 
the total rumen contents.  One sample was taken from each of a lactating (Cow 
#6993), dry (Cow #7664) and culled (Cow #7887) cow.  All cows were fed a similar 
diet following the nutritional requirements for lactating, dry, and non-lactating dairy 
cattle as described by the National Research Council (NRC) and were allowed to feed 
ad libitum.  Immediately following collection, the rumen fluid was strained through 
cheesecloth and heated at 75°C for 20 minutes to inhibit any nucleases.  The 
processed rumen fluid was stored at -20°C until ready to proceed with enrichment of 
bacteriophages and subsequent isolation of DNA.   
 
Phage purification, DNA isolation and sequencing 
 The bacteriophage population was purified from the rumen fluid, and viral 
DNA was isolated according to the method of Klieve and Swain (14).  The phage 
purification protocol involved the removal of bacteria and other microbes by 
centrifugation, and filtration through hydrophilic, low-protein-binding, 0.45 µm-pore-
size filters.  The viral particles were concentrated by ultracentifugation and embedded 
in agarose prior to isolation of DNA.  Viral DNA embedded in agarose plugs was 
extracted from the agarose using the GELaseTM Agarose Gel-Digesting Preparation 
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(Epicentre Biotechnologies) according to the manufacturer’s protocol.  Phage DNA 
was concentrated by ethanol precipitation and quality was assessed by gel 
electrophoresis.  The phage DNA was sequenced by the DOE Joint Genome Institute 
on a Roche GS FLX Titanium pyrosequencer.  The sequence reads were quality 
trimmed using LUCY, a DNA sequence quality and trimming tool (7); redundant 
sequence reads were also removed. 
 
Bioinformatic analyses 
 Diversity estimates of the rumen virome were carried out by entering the lucy-
trimmed non-redundant sequence reads for each sample into the GAAS (Genome 
relative Abundance and Average Size) (2) and CIRCONSPECT programs on the 
CAMERA 2.0 website (https://portal.camera.calit2.net).  The BLAST E-value cutoff 
was 1×10-5.  The contig spectra were calculated by nine repetitions of assemblies of 
10,000 randomly selected sequences (sequences were trimmed to 100 bp and any 
sequences below 20 bp were discarded).  The contig spectra were put into PHACCS 
(1) to get an estimate of diversity within each sample.  The model with the least error 
for each sample was the best model. 
 Assessment of the taxa present in the viral metagenome samples was carried 
out by relaxed (E-value < 0.001) tBLASTx comparisons of the processed sequence 
reads a non-redundant viral database (NR_Viral_DB).   The NR_Viral_DB contained 
4,193 viral genomic sequences totaling 96.2 megabases (19).  The MEGAN 
metagenome analysis software was used for BLASTx (E-value < 0.001) comparisons 
to the GenBank non-redundant (NR) database.  The DOE Joint Genome Institute 
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performed the analysis in MEGAN as a part of the sequencing quality assurance.  
Predicted metabolic profiles were determined using MG-RAST (Metagenome Rapid 
Annotation using Subsystem Technology) (17) for comparison of the processed 
sequence reads to the SEED subsystems database (E-value < 1×10-5). 
 
RESULTS AND DISCUSSION 
 
Sequencing and estimation of the diversity of the rumen viral metagenome 
A summary of the processed pyrosequencing data for each viral metagenome 
(virome) can be seen in Table 3.1.  The number of sequence reads ranged from 
approximately 300,000 to 540,000 for each viral metagenome.   The read lengths for 
the three virome samples were approximately 360 bp, on average.   
 The diversity of the viral populations within each rumen virome sample was 
estimated using the Phage Communities from Contig Spectrum (PHACCS) tool (1).  
The PHACCS results showing the richness, evenness, and a measure of diversity for 
each sample can be seen in Table 3.2.  The species richness for the dry (#7887) and 
cull (#7664) cows appears to be much higher than the lactating (#6993) cow (>20,000 
predicted genotypes for #7887 and #7664 and ~ 4,000 for #6993) (Table 3.2).  The 
evenness scores within the viral metagenomes from cow #6993 and #7664 are very 
close to one, meaning that all genotypes are close to being equally abundant in these 
communities.  Although cow #7887 had the highest number of genotypes, it appears 
to be slightly less even than the other two viral metagenomes, indicating a higher 
dominance of some genotypes.  Each rumen virome also has a high Shannon-Wiener 
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Index (25), indicating that there is a high level of diversity in these virome 
populations.  
 
Abundance of phage and prophage 
 The MEGAN metagenome analysis software was used to compare the reads to 
the GenBank non-redundant (NR) database (BLASTx; E-value < 0.001), and the 
distribution into taxonomic groups can be seen in Figure 3.1.  The vast majority (72 ± 
1%) of the sequences were not significantly similar to any protein sequences in the 
database, which is consistent with the findings of other viral metagenome studies (5, 
18, 19).  In general, viruses have not been well characterized and are largely 
underrepresented in the sequence databases (9, 22).  It is hypothesized that the 
majority of viral sequences reside in this large number of sequences that does not 
significantly match anything in the database (9), and thus supports the expectation 
that we have enriched for sequences belonging to viral particles.  In addition, 
approximately 2% of the sequences in each virome did have significant matches to 
known viruses available in the NR database.  The majority of the remaining 
sequences that did have significant hits to sequences in the NR database had hits to 
bacterial sequences (Figure 3.1).  These sequences may represent some contaminating 
bacterial DNA, although some of these sequences may also belong to prophages that 
reside within these bacterial genomes.         
In order to fully and more accurately assess the viral types in the rumen, a 
relaxed search (tBLASTx; E-value < 0.001) of the virome sequence reads against a 
non-redundant viral database (NR_Viral_DB), previously described by Reyes, et al., 
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containing 4,193 genomic sequences from viruses and prophages (19) showed that 78 
± 1% of the reads did not have any significant hits to any viruses or prophages 
(Figure 3.2).  Of the reads that did match to sequences in the NR_Viral_DB, the 
majority hit bacterial prophages (14 ± 1%).  The relative abundances of each phylum 
predicted to be a host for a prophage can be seen in Figure 3.3A.  The most abundant 
phyla predicted to be hosts for the prophages were the Firmicutes (68 ± 1% of the 
total prophages), Proteobacteria (18 ± 1% of the total prophages), and Bacteroidetes 
(8 ± 1% of the total prophages).  The relative abundances of viral families can also be 
seen in Figure 3.3B.  The most abundant viral families were the Siphoviridae (36 ± 
3% of the total viral families), Myoviridae (28 ± 4% of the total viral families), and 
Podoviridae (14 ± 2% of the total viral families).  The predicted hosts for these three 
viral families are primarily the Firmicutes and Proteobacteria.  A previous study of 
the rumen microbiome revealed that the Firmicutes, Proteobacteria, and Bacteroidetes 
were the predominant phyla represented in the rumen (6), and thus it would be 
expected that the most abundant phage and prophage hosts would coincide with these 
phyla, as has been seen here (Figure 3.3). 
 
Rumen virome metabolic profiles 
 In order to assess the putative functional profile of the rumen virome, the 
sequence reads from each rumen virome were uploaded into MG-RAST and 
predicted metabolic profiles for each rumen virome were generated by comparison to 
the SEED subsystems database (E-value < 1×10–5) (17).  A small percentage of the 
sequence reads, 5.5 ± 0.3% (mean ± s.d.), had significant hits to the SEED 
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subsystems database.  It is expected that there would be few sequences with similarity 
to the SEED subsystems database, since there are few viral proteins that have been 
characterized (9).       
The relative abundances of the sequences that did have significant similarity 
to a SEED subsystem can be seen in Figure 3.4.  Overall, there were slight numerical 
differences between the samples, but each cow had a very similar metabolic profile.  
In the rumen environment, the virome sequences predominantly fell into the 
Clustering-based subsystems (i.e. proteins that cluster together, but are not yet 
assigned to a particular subsystem) with 29.3 ± 2.7% (mean ± s.d) of the virome 
sequence reads having significant similarity to proteins in this subsystem.  A closer 
look at the more detailed hierarchies of the Clustering-based subsystems revealed that 
the highest number of hits for each virome belonged to a subsystem of proteins 
termed CBSS-335283.3.peg.454, primarily containing proteins that were assigned the 
functional role of “phage-related protein”.  This result, along with the large number of 
sequences that had no significant hits to the database, gives further evidence that we 
have enriched for sequences belonging to the rumen bacteriophages.   
The SEED subsystems that had the next highest relative abundances of 
sequences with significant similarity to the SEED database were DNA metabolism 
(15.2 ± 2.7%; mean ± s.d.), virulence (11.4 ± 1.2%; mean ± s.d.), and protein 
metabolism (9.1 ± 1.0%; mean ± s.d.), respectively.  The predicted rumen virome 
metabolic profile presented here (Figure 3.4) is similar to the viral metagenomic 
metabolic profiles seen in other environments (8), especially in regards to the number 
of sequences with similarity to the Virulence and Protein Metabolism subsystems.  
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However, we would have expected the Carbohydrates and Amino Acid subsystems to 
have a greater representation based on past surveys of other viral metagenomes (8).  
The low percentage of sequences with similarity to the Carbohydrates subsystem is 
particularly surprising since carbohydrate metabolism is the dominant metabolism 
carried out by the microbial populations in the rumen, due to the main substrate for 
degradation by the rumen microbes being plant cell wall polysaccharides, and starch, 
depending on the diet (6).  
 
CONCLUSIONS 
 
The work presented here represents the first survey of the rumen viral 
metagenome (virome) that includes the taxonomic distribution of the viral community 
as well as a prediction of the functional characteristics.  The rumen viral population is 
not only numerically large, but also has a large level of diversity.  This supports the 
findings of previous measures of rumen bacteriophage diversity based on PFGE or 
electron microscopy (13, 14).  The PHACCS analysis, based on pyrosequencing data, 
presented here, gives a more in-depth view of the viral diversity than these previous 
studies. 
The vast majority of sequences we have derived from pyrosequencing did not 
exhibit significant similarity (E > 0.001) to sequences in the GenBank non-redundant 
(NR) database, or the non-redundant viral database (NR_Viral_DB).  This is typical 
of viral metagenome studies due to the underrepresentation of viral sequences in these 
and other currently available databases (9).  In the comparison of the virome 
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sequences to the NR database, those sequences that had significant similarity to 
available sequences mostly matched to genes sequenced from bacteria.  This may 
indicate that there was contamination from bacterial DNA in the viral metagenomic 
samples, but this may be an anomaly caused by the limited availability of viral 
sequence information currently available in the database.   
The NR_Viral_DB was able to give a more accurate representation of the viral 
and prophage presence in the rumen virome samples, since this database only 
contains genomic sequence data from viruses and prophages (19).  The rumen virome 
sequences that had significant similarity (E < 0.001) to sequences in the 
NR_Viral_DB indicate that the phage populations are mostly infecting the 
predominant bacterial species in the rumen, i.e. the Firmicutes, Proteobacteria, and 
Bacteroidetes.  This could be indicative of the important role that viruses play in 
controlling microbial communities.  Phage predation, along with protist grazing, has 
previously been suggested to maintain the numbers of microbes such that they do not 
exceed the carrying capacity for the ecosystem (22).  In the rumen environment, 
where there is heavy competition for energy substrates as well as a great deal of 
cross-feeding between the specialist and generalist populations, it would be important 
to maintain a balance between groups of microorganisms so that important, but 
slower growing species are not outcompeted, thus maintaining a complete microbial 
community structure that can efficiently metabolize the feed ingested by the animal 
(11).  The propensity for the viral community to infect the most abundant, and 
presumably most actively growing species, suggests they are playing a key role in 
sustaining this balance.   
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This is the first study, to our knowledge, that has attempted to assess the 
predicted functional profile of the rumen viruses, and the evidence suggests that the 
distribution of protein families seen here (Figure 3.4) is typical for the viruses in the 
rumen environment.  The predicted metabolic profile of the rumen viromes resembled 
metabolic profiles from other environments, further indicating that we have enriched 
for viral particles.  However, it was surprising to find that Carbohydrates and Amino 
Acids subsystems were not highly represented in this environment.  Viruses play a 
major role in the exchange of genetic information, especially the temperate phages 
(i.e. those that are able to become prophages) (22), and one might have expected to 
see more of these proteins represented by the phage populations since they are 
generally highly represented in the bacterial populations (6).  Additionally, these two 
subsystems also tend to be highly represented by the viral metagenomes of other 
environments, so it is unclear as to why the abundance of these protein families in the 
rumen viromes presented here are comparatively low relative to other environments 
(8).  From the perspective of phage evolution, perhaps this indicates that it is not as 
advantageous for these types of genes to be carried by the phages, as they may not be 
as important for phage survival as genes encoding proteins for DNA metabolism or 
virulence.  It is possible, however, that the low abundance of proteins related to the 
Carbohydrates and Amino Acids subsystems is perfectly normal for this particular 
environment.  
 Viruses, and especially prophages and temperage phages, are known to be one 
of the main mechanisms of genetic exchange (22).  There is an abundance of 
bacteriophages in the rumen, the greater portion of which appears to be made up of 
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prophages as well as putative temperate phages. The large presence of prophages and 
temperate phages in the rumen may suggest that horizontal gene transfer (HGT) is a 
major driving force for the evolution of the rumen bacteria.  Analysis of the genomes 
of four strains of the cellulolytic, ruminal bacterium Ruminococcus flavefaciens has 
already revealed a number of integrases present in those genomes (see Chapter 2), 
which are indicative of temperate phages (19).  CRISPR elements were also identified 
in those genomes, indicating further interactions between the bacteriophages and their 
hosts that require the bacteria to adapt to phage attack by integrating phage DNA into 
their own genome (26).  Further investigation involving comparison of the viral 
metagenome data to various rumen microbes has the potential to reveal more of the 
interactions between the phage and their hosts, which could provide additional 
evidence for HGT as a driver of evolution in the rumen environment.  Thus, the 
viruses in the rumen would represent a gene pool for the microbial communities of 
this ecosystem, connecting the entire microbial and viral metagenome and possibly 
acting as a molecular fingerprint for the global rumen environment.   
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FIGURES 
 
 
 
Figure 3.1.  The distribution of significant matches of virome sequence reads 
from each cow to the GenBank non-redundant (NR) database based on BLASTx 
sequence similarities (E-value < 0.001).  The data was generated by the Joint Genome 
Institute using the MEGAN metagenome analysis software. 
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Figure 3.2.  The distribution of significant matches of virome sequence reads 
from each cow to a non-redundant viral database (NR_Viral_DB) based on a 
tBLASTx sequence similarities (E-value < 0.001). 
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Figure 3.3.  Relative abundance (%) of the best tBLASTx hits of sequences reads 
from each cow compared to the non-redundant viral database (E-value<0.001). 
A) Relative abundance of hits to prophages by phylum containing the prophage. B) 
Relative abundance of hits to viral families; “Other” is the sum of 50 viral families 
that had relative abundances less than or equal to 0.1% for each cow.  The typical 
hosts for each viral family are in parentheses.  The hosts were determined from 
information in the ICTV database (http://www.ictvdb.org). 
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Figure 3.4.  Predicted metabolic profile of the rumen viral metagenomes from 
three cows based on comparison of sequence reads from each viral metagenome 
to the SEED subsystems database (E-value cutoff of 1 × 10-5). 
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TABLES 
 
 
Table 3.1.  Summary of pyrosequence data from the viral metagenomes of three 
bovine rumens. 
 
 Cow i.d. 
 6993 7664 7887 
Production stage Lactating Dry Cull 
Total sequence reads 329,384 540,960 298,062 
Total sequence size (bp) 129,599,968 196,184,178 99,437,869 
Average read length 
(bp) 394 363 334 
Shortest read length 
(bp) 100 100 100 
Longest read length 
(bp) 673 615 615 
 
 
 
Table 3.2. Diversity estimates within each viral metagenome sample determined 
by using PHAACS (Phage Communities from Contig Spectrum). 
 
 Cow i.d. 
 6993 7664 7887 
Best Modela Logarithmic Power Lognormal 
Errorb 0.675 0.277 0.702 
Richness 4080 genotypes 22100 genotypes 27800 genotypes 
Evenness 0.988 0.945 0.834 
Most Abundant Genotype 0.949% of the community 
0.829% of the 
community 
1.53% of the 
community 
Shannon-Wiener Index 8.22 9.46 8.53 
 
a The best model is the one with the smallest error. 
b The error is the quantification of the difference between the predicted contig spectrum and the 
experimental contig spectrum. 
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CHAPTER 4.  INTERACTIONS BETWEEN THE RUMEN VIRAL 
METAGENOME AND THE RUMEN MICROBIOME 
 
INTRODUCTION 
 Horizontal gene transfer (HGT), i.e. the transfer of genetic material from one 
organism to another organism that is not its offspring, is a widespread and common 
phenomenon in microbial communities and contributes to the evolution of the 
microbes in those communities (5).  In the rumen, gene exchange between bacteria 
has been implicated in the spread of antibiotic resistance genes (8, 15).  Investigation 
of HGT between bacteria and rumen Ciliates, a diverse group of unicellular 
Eukaryotes, was also shown to have an important role in adaptation to the rumen 
environment through the transfer of genes encoding for plant cell wall 
polysaccharide-degrading enzymes (11).  Gene transfer involving the rumen 
bacteriophages, however, has not yet been investigated.   
Viruses, especially those that undergo a lysogenic phase, play a major role in 
the facilitation of HGT (12).  The large number of bacteriophages that have been 
documented in the rumen have suggested that the phage populations play an 
important role in maintaining the bacterial populations, which in turn, could affect the 
feed efficiency of the animal (4, 14).  The importance of the rumen bacteriophages 
and their interactions with the rumen microbes also suggest that the phages could be 
influential to the evolution of these communities through the transfer of genetic 
material, similar to what has been documented in marine ecosystems (6, 7, 13).   
 The aim of this analysis is to compare sequences from the rumen microbiome, 
as well as individual rumen microbial genomes, to the rumen viral metagenome in 
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order to show that there is genetic information shared between the microbiome and 
the virome.  If there is shared genetic information between the microbes and viruses 
in the rumen it could suggest that there is horizontal gene transfer occurring within 
these communities, and could reveal potential population dynamics between them. 
 
METHODS 
 
Species and sequence data 
 Genome sequence data was obtained for eleven rumen microbes and one 
Ruminococcus flavefaciens-related human intestinal bacterial isolate.  The species and 
corresponding genome information is listed in Table 4.1.  The metagenome data for 
four previously pyrosequenced rumen microbiomes identified as 640F6, 80F6, 710F6, 
and Pooled Planktonic, are available publicly through the Metagenomics RAST 
server (MG-RAST) (3, 9).  
 
BLAST comparisons to the rumen viral metagenome 
 The genomes of all organisms listed in Table 4.1, and the sequence reads from 
the four rumen metagenomes were compared to a database composed of the pooled 
rumen viral metagenome sequence reads from three cows (#6993, #7664, and #7887) 
via tBLASTx (E-value < 0.001).  Mobile elements from Ruminococcus flavefaciens 
007C, 17, and FD-1 and Ruminococcus sp. 18P13 were identified from RAST 
annotations (1) and these sequences were also compared to the rumen virome 
sequence reads using tBLASTx (E-value < 0.001).  Identification of rumen virome 
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sequences is based on the best BLAST hit (E-value < 0.001) to the non-redundant 
viral database (NR_Viral_DB), as described in Chapter 3. 
  
RESULTS AND DISCUSSION 
 
Comparison of the rumen microbiome to the rumen virome 
 To assess the sequence similarities between the rumen microbiome and the 
rumen virome, the rumen metagenomes from three steers (three fiber-associated 
fractions and one pooled planktonic fraction) that had been previously sequenced and 
analyzed (3) were compared to a database containing the sequence reads from the 
rumen viral metagenomes of three cows by tBLASTx (E-value < 0.001).  
Approximately 19% of the rumen metagenome sequences from 640F6, 80F6, and the 
Pooled Planktonic had significant hits to the rumen virome.  The rumen metagenome 
710F6 had a smaller percentage (13%) of sequences that had significant hits to the 
rumen virome.  The 640F6, 80F6, and Pooled Planktonic rumen metagenomes also 
had nearly identical distributions of sequences with hits to prophages, viruses, or 
“other” in the rumen virome (Figure 4.1).  The rumen metagenome 710F6, however, 
had a larger proportion of the total hits to the virome that had similarity to prophages 
and viruses (Figure 4.1).   
Based on these results, it appears that the proportion of the rumen microbiome 
that has similarity to the rumen virome does not have a great deal of variation across 
the rumens of individual steers.  It is interesting to note that the rumen metagenome 
of steer 71 was shown by Brulc et al. (3) to have an aberrant distribution of microbial 
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taxa that favor the Proteobacteria over the Firmicutes.  The microbiome of steer 71 
was also shown to have a shift towards metabolisms that favor more easily 
fermentable carbohydrate substrates compared to the fiber-adherant fractions of the 
other steers and the pooled planktonic fraction possibly indicating that this steer had 
not adapted to the higher-fiber diet (3).  It appears that these same results are reflected 
in the bacteriophage populations as well (Figure 4.2).  Compared to the microbiomes 
of steers 640F6, 80F6, and the pooled planktonic fraction, the metagenome from steer 
71 had a higher proportion of sequences with similarity to prophages in the 
Proteobacteria as well as a higher proportion sequences that matched sequences in the 
Myoviridae family, the members of which infect the Proteobacteria, Firmicutes, and 
Cyanobacteria.  These data illustrate how the bacteriophage populations and 
microbial populations in the rumen mirror each other, and allows us to gain insights 
into the dynamics between these populations.  It appears that as a microbial 
population becomes dominant, the corresponding phage population also increases, 
which is an indication of “kill-the-winner” population dynamics.  
 
Comparison of rumen microbial genomes to the rumen viral metagenome 
 In order to determine if there are any shared sequences between specific 
rumen microbes and the rumen virome, a relaxed tBLASTx comparison (E-value < 
0.001) of twelve microbial genomes (Table 4.1) to a database created from the pooled 
sequence reads of the viral metagenomes from three cows was carried out.  Each 
genome had numerous sequences with similarity to the rumen virome sequences.  
Figure 4.3 shows the proportions of prophage and viral sequences that make up the 
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total sequence hits to the rumen virome; the hits that fell into the “other” category did 
not have similarity to viral sequences, as determined by whether the virome sequence 
that was hit had significant (E-value < 0.001) similarity to the non-redundant viral 
database (10).  On average, 84 ± 10% of the microbial genome sequences with 
similarity to virome sequences were of viral origin.  In general, the prophages made 
up the largest proportion of sequences with similarity to the rumen virome for each 
microbial genome (65 ± 14%, mean ± s.d.).  Actinobacillus succinogenes 130Z and 
Ruminococcus flavefaciens FD-1 had the largest proportions of hits to prophage 
sequences with 88% and 86% of the total sequence hits to the rumen virome, 
respectively.  The proportion of sequences with similarity to lytic viruses varied 
greatly among the microbial genomes with Fibrobacter succinogenes S85 having the 
largest proportion of hits that were similar to viruses (41% of the total hits to the 
virome) and R. flavefaciens FD-1 having the smallest proportion of hits (5% of the 
total hits to the virome).  Similar to the lytic viruses, the proportion of sequence hits 
that were not of viral origin (i.e. hits classified as “other”) ranged from 4% of the total 
hits to the virome (A. succinogenes 130Z and Wolinella succinogenes DSM14740) to 
39% of the total hits to the virome (Prevotella ruminicola 23).   
The rumen microbial genomes in this study all appear to share some sequence 
similarity to rumen viruses and prophage, which suggests that genetic information is 
being horizontally transferred between the microbial and viral populations in the 
rumen.  Interestingly, Ruminococcus sp. 18P13, which is a human isolate related to R. 
flavefaciens, also had similarity to rumen virome sequences.  This could be due to the 
sequence similarities between this Ruminococcus sp. 18P13 to the ruminal R. 
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flavefaciens strains, or it could indicate that there are similarities between the viral 
communities in the human intestine and the rumen.    
 
Comparison of mobile elements from the genomes of four Ruminococcus flavefaciens 
strains to the rumen virome 
 In order to see if the mobile elements found in the genomes of Ruminococcus 
flavefaciens strains 007C, 17, and FD-1 and the R. flavefaciens-related species 
Ruminococcus sp. 18P13 had significant similarity to the rumen virome, we 
performed a tBLASTx comparison (E-value < 0.001) of the nucleotide sequences of 
the genes that putatively encode for mobile elements against a database of rumen 
viral metagenome sequence reads (Table 4.2).  Out of the total mobile elements from 
each strain, 91 ± 6% (mean ± s.d.) had significant sequence similarity to a sequence 
in the rumen virome.  Unsurprisingly, the vast majority (62 ± 10%, mean ± s.d.) of 
the total mobile elements had significant sequence similarity to prophages belonging 
to the Firmicutes phylum, and there were also a few hits to the Myoviridae and/or 
Siphoviridae viral families, which are known to infect bacteria from the Firmicutes 
and Proteobacteria phyla (Table 4.2).  Each strain also had a few mobile elements that 
were similar to prophages belonging to the Proteobacteria, which could suggest that 
there are horizontal gene transfers between different phyla in the rumen that are 
mediated by the bacteriophages.   
  
 112 
CONCLUSIONS 
 
 Interactions between the microbial and viral populations in the rumen 
environment involving shared genetic information appear to be prevalent.  
Comparisons of rumen metagenome sequences and the genome sequences of various 
rumen microbes to sequences from the rumen virome have shown that there are 
numerous sequence similarities detected between the microbes and the viruses, a 
large proportion of which had similarity to prophages.  Prophages are thought to be 
one of the main mechanisms of HGT since they integrate directly into the host 
genome, allowing for phage genes to be incorporated into the host genome and vice 
versa (12).  The sequence similarities between the microbes and the virome could be 
indicative of a shared gene pool.  A portion of this gene pool is most likely made up 
of mobile elements, given that nearly all of the putative mobile elements from 
Ruminococcus flavefaciens were found to be similar to a sequence from the rumen 
virome that was predicted to belong to a prophage or virus.  
Comparison of the rumen microbiome and virome has shown that the 
bacteriophage and microbial populations are closely associated and a change in the 
structure of one community appears to affect the other in a manner that would suggest 
that there is a “kill-the-winner” dynamic between them.  The rumen microbial 
metagenomes that were analyzed in a previous study all displayed similar 
distributions of BLAST hits to viral taxa in the rumen virome, except for the 
metagenome from steer 71 (3).  Brulc et al showed that steer 71 had increased 
numbers of Proteobacteria compared to the other metagenomes (3), and this was 
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reflected in the comparison of this metagenome to the virome sequence data, 
demonstrating that as a particular microbial population increases, the corresponding 
viral populations increase as well. 
The bacteriophages are an integral part of the rumen ecosystem.  They are 
closely tied to the microbial populations, maintaining a balance among the microbial 
species by continuously opening a niche that allows a less abundant species to 
proliferate.  Phages also appear to play a major role in mediating HGT in the rumen 
microbial communities.  The phages carry genes that are shared with the rumen 
microbes, which most likely consist of genes that convey a necessary function for 
survival or adaptation to the rumen environment, aside from the dedicated mobile 
elements (2, 13).  Future research into the functional information in this shared gene 
pool could potentially serve as a molecular fingerprint of the rumen ecosystem and 
could further be used to determine proper rumen function and health, aiding in the 
treatment of disease and possible improvements to ruminant nutrition.   
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FIGURES 
Figure 4.1.  Distribution of the total hits to the rumen viral metagenome 
sequence reads based on tBLASTx sequence similarities of four rumen 
metagenomes to the rumen virome (E-value < 0.001).  Rumen metagenomes 
640F6, 80F6, and 710F6 are the metagenomes of the fiber fraction of rumen contents 
from three steers (#64, #8, and #71); the Pooled Planktonic metagenome is the 
metagenome of the pooled liquid fraction of the rumen contents from the same three 
steers (3).  Identities of the virome sequences were determined by tBLASTx 
comparison (E-value < 0.001) to the NR_Viral_DB.  If a metagenome sequence had 
similarity to a virome sequence that did not match any sequences in the 
NR_Viral_DB, then the sequence was classified as “other”.  Approximately 19% of 
the sequence reads from the 640F6, 80F6, and Pooled Planktonic metagenomes had 
significant similarity to the rumen virome, and 13% of the sequence reads from the 
710F6 metagenome were similar to the rumen virome. 
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Figure 4.2.  Relative abundance (%) of best tBLASTx hits of sequence reads 
from the rumen metagenomes of three steers to sequence reads from the rumen 
viral metagenome (E-value < 0.001).  A) Relative abundance of hits to prophages 
according to the host phylum of the prophage.  B) Relative abundance of hits to viral 
families with the typical hosts for each viral family in parentheses.  The hosts were 
determined from information in the ICTV database (http://www.ictvdb.org). 
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Figure 4.3.  Distribution of sequences with similarity to the rumen viral 
metagenome (virome) based on tBLASTx sequence similarities of microbial 
genomes to sequence reads from the rumen virome (E-value < 0.001).  Identities 
of the virome sequences were determined by tBLASTx comparison (E-value < 0.001) 
to the NR_Viral_DB.  If a microbial genome sequence had similarity to a virome 
sequence that did not match any sequences in the NR_Viral_DB, then the sequence 
was classified as “other”.  The distribution of viruses, prophages, and other sequences 
seen here are a proportion of the total number of sequence similarities from each 
genome to the rumen virome sequences. 
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TABLES 
 
Table 4.1.  Microbial genomes used in this study. 
Species Origin Status Genome 
size (Mb) 
% G+C 
content 
Availability Reference 
Actinobacillus succinogenes 
130Z 
Bovine Closed 2.32 46 CP000461 n/a 
Fibrobacter succinogenes S85 Bovine Closed 3.84 48 FibRumBa2 Morrison et al. In 
preparation 
Mannheimia succiniproducens Bovine Closed 2.31 42.5 AE0168271 Hong et al., 2004 
Methanobrevibacter 
ruminantium M1 
Bovine Closed 2.9 33 CP0017191 Leahy et al., 2010 
Prevotella bryantii B14 Bovine Draft (8x) 3.8 39 FibRumBa2 Purushe et al. In 
preparation 
Prevotella ruminicola 23 Bovine Closed 3.62 48 FibRumBa2 Purushe et al. In 
preparation 
Ruminococcus albus 8 Bovine Draft (>10x) 4.2 n/a FibRumBa2 n/a 
Ruminococcus flavefaciens 007C Bovine Draft 4.4 46 Sanger Institute3 n/a 
Ruminococcus flavefaciens 17 Bovine Draft (154x) 4.4 45 n/a n/a 
Ruminococcus flavefaciens FD-1 Bovine Draft (29x) 4.4 45 ACOK000000001 Berg Miller et al., 2009 
Ruminococcus sp. 18P13 Human Draft (26x)  53 FP9290521 
 
n/a 
Wolinella succinogenes 
DSM1740 
Bovine Closed 2.11 48.5 BX5716561 Baar et al., 2003 
1 Available from GenBank 
2 FibRumBa database (http://jcvi.org/rumenomics) 
3 Wellcome Trust Sanger Institute (http://www.sanger.ac.uk) 
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Table 4.2.  Comparison of putative mobile elements from the genomes of four Ruminococcus flavefaciens strains to the rumen 
viral metagenome. 
Strain 007c     
Feature ID Function Hit to 
Virome? 
Phylum or Viral Family of 
best hit1 
Genus of best hit 
fig|666666.5168.peg.1 phage integrase family protein Yes Siphoviridae Mycobacterium phage 
fig|666666.5168.peg.2 putative integrase/recombinase Yes Proteobacteria Pectobacterium 
fig|666666.5168.peg.3 putative integrase/recombinase Yes Firmicutes Clostridium 
fig|666666.5168.peg.151 conserved hypothetical protein, phage associated Yes Firmicutes Ruminococcus 
fig|666666.5168.peg.198 Site-specific recombinase Yes Firmicutes Clostridium 
fig|666666.5168.peg.277 Tn5045 resolvase Yes Inoviridae Inovirus 
fig|666666.5168.peg.285 Integrase Yes Firmicutes Clostridium 
fig|666666.5168.peg.1034 predicted recombinase Yes Firmicutes Clostridium 
fig|666666.5168.peg.1103 site-specific recombinase, phage integrase family Yes Firmicutes Bacillus 
fig|666666.5168.peg.1119 Site-specific recombinase Yes Firmicutes Ruminococcus 
fig|666666.5168.peg.1120 TnpY Yes n/a n/a 
fig|666666.5168.peg.1125 prophage LambdaSa04, site-specific recombinase, 
resolvase family 
Yes Firmicutes Clostridium 
fig|666666.5168.peg.1126 putative site-specific recombinase Yes Firmicutes Bacillus 
fig|666666.5168.peg.1128 Phage integrase (Site-specific recombinase) Yes Firmicutes Bacillus 
fig|666666.5168.peg.1132 Holin, toxin secretion/phage lysis Yes Firmicutes Ruminococcus 
fig|666666.5168.peg.1140 Tail length tape measure protein Yes Firmicutes Dorea 
fig|666666.5168.peg.1144 major tail protein, phi13 family Yes Chloroflexi Dehalococcoides 
fig|666666.5168.peg.1145 Prophage pi2 protein 38 Yes Chloroflexi Dehalococcoides 
fig|666666.5168.peg.1146 Phage protein Yes Firmicutes Clostridium 
fig|666666.5168.peg.1149 Phage major capsid protein #Fam0007 Yes Firmicutes Bacillus 
fig|666666.5168.peg.1150 Prophage Clp protease-like protein Yes Firmicutes Anaerostipes 
fig|666666.5168.peg.1151 Phage portal protein Yes Firmicutes Blautia 
fig|666666.5168.peg.1152 phage terminase, large subunit, putative Yes Chloroflexi Dehalococcoides 
fig|666666.5168.peg.1153 phage terminase, small subunit, putative, P27 family Yes Firmicutes Ruminococcus 
fig|666666.5168.peg.1173 DNA primase/helicase, phage-associated Yes Firmicutes Anaerofustis 
fig|666666.5168.peg.1175 DNA helicase, phage-associated Yes Firmicutes Enterococcus 
fig|666666.5168.peg.1176 phage protein, putative Yes Firmicutes Anaerostipes 
fig|666666.5168.peg.1179 DNA polymerase, phage-associated Yes Firmicutes Clostridium 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5168.peg.1180 Phage protein Yes Firmicutes Clostridium 
fig|666666.5168.peg.1181 Phage protein Yes Chloroflexi Dehalococcoides 
fig|666666.5168.peg.1186 phage transcriptional repressor Yes Firmicutes Streptococcus 
fig|666666.5168.peg.1295 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5168.peg.1298 Relaxase/mobilization nuclease domain No n/a n/a 
fig|666666.5168.peg.1305 Relaxase/mobilization nuclease domain Yes Firmicutes Clostridium 
fig|666666.5168.peg.1357 phage integrase Yes Firmicutes Carboxydothermus 
fig|666666.5168.peg.1556 Integrase, catalytic region Yes Firmicutes Lactococcus 
fig|666666.5168.peg.1699 Phage integrase Yes Firmicutes Clostridium 
fig|666666.5168.peg.2029 Phage terminase large subunit Yes Firmicutes Anaerostipes 
fig|666666.5168.peg.2166 phage shock protein A, PspA No n/a n/a 
fig|666666.5168.peg.2616 Integrase Yes Firmicutes Bacillus 
fig|666666.5168.peg.2741 Mobilization protein Yes Firmicutes Blautia 
fig|666666.5168.peg.2742 Recombinase Yes Firmicutes Clostridium 
fig|666666.5168.peg.2747 Putative Holliday junction resolvase (EC 3.1.-.-) Yes Firmicutes Bacillus 
fig|666666.5168.peg.3041 Phage integrase Yes Firmicutes Clostridium 
fig|666666.5168.peg.3066 site-specific recombinase, phage integrase family Yes Firmicutes Bacillus 
fig|666666.5168.peg.3070 Site-specific recombinase, resolvase family Yes Inoviridae Inovirus 
fig|666666.5168.peg.3081 Transposase IS66 Yes Proteobacteria Photobacterium 
 
Strain 17     
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|6666666.141.peg.154 Phage head-tail adaptor, putative Yes Firmicutes Bacillus 
fig|6666666.141.peg.157 Phage head maturation protease Yes Unclassified Caudovirales Bacillus virus 
fig|6666666.141.peg.159 Portal protein, phage associated Yes Firmicutes Unclassified 
Erysipelotrichaceae 
fig|6666666.141.peg.160 Portal protein, phage associated Yes Firmicutes Listeria 
fig|6666666.141.peg.161 Phage terminase, large subunit Yes Unclassified Caudovirales Bacillus 
fig|6666666.141.peg.170 conserved hypothetical protein; Bacteriophage P2 
associated 
Yes Firmicutes Enterococcus 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|6666666.141.peg.265 Integrase Yes Firmicutes Bacillus 
fig|6666666.141.peg.622 Integrase No n/a n/a 
fig|6666666.141.peg.757 Probable integrase/recombinase Yes Firmicutes Clostridium 
fig|6666666.141.peg.1014 putative transposon integrase; Tn916 ORF3-like Yes Firmicutes Ruminococcus 
fig|6666666.141.peg.1015 putative transposon excisionase; Tn916 ORF1-like Yes Firmicutes Clostridium 
fig|6666666.141.peg.1056 Integrative genetic element Gsu5, resolvase Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|6666666.141.peg.1375 IS66 Orf2 like No n/a n/a 
fig|6666666.141.peg.1376 transposase IS66 Yes Proteobacteria Photobacterium 
fig|6666666.141.peg.1377 transposase IS66 Yes Proteobacteria Photobacterium 
fig|6666666.141.peg.1382 IS66 Orf2 like No n/a n/a 
fig|6666666.141.peg.1678 Phage tail length tape-measure protein No n/a n/a 
fig|6666666.141.peg.1751 Recombinase Yes Firmicutes Bacillus 
fig|6666666.141.peg.1752 Recombinase No n/a n/a 
fig|6666666.141.peg.1753 Phage integrase (Site-specific recombinase) Yes Firmicutes Bryantella 
fig|6666666.141.peg.1912 Phage replication protein Yes Firmicutes Clostridium 
fig|6666666.141.peg.1914 Probable mobilization protein MobA Yes Firmicutes Blautia 
fig|6666666.141.peg.1916 Phage integrase Yes Firmicutes Clostridium 
fig|6666666.141.peg.2061 Integrase Yes Firmicutes Bacillus 
fig|6666666.141.peg.2165 TnpV Yes Firmicutes Blautia 
fig|6666666.141.peg.2309 putative resolvase Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|6666666.141.peg.2323 site-specific recombinase, phage integrase family No n/a n/a 
fig|6666666.141.peg.2330 phage shock protein A, PspA No n/a n/a 
fig|6666666.141.peg.2810 transposase and inactivated derivatives Yes Firmicutes Clostridium 
fig|6666666.141.peg.2838 Transposase IS66 Yes Proteobacteria Photobacterium 
fig|6666666.141.peg.2839 Prophage LambdaBa04, site-specific recombinase, phage 
integrase family 
Yes Firmicutes Clostridium 
fig|6666666.141.peg.2841 Phage antirepressor protein Yes Firmicutes Anaerostipes 
fig|6666666.141.peg.2851 putative mobilization protein Yes n/a n/a 
fig|6666666.141.peg.2853 Site-specific recombinase Yes Firmicutes Blautia 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|6666666.141.peg.2881 prophage ps3 protein 01, putative Yes n/a n/a 
fig|6666666.141.peg.2924 Site-specific recombinase, resolvase family Yes Proteobacteria Escherichia 
fig|6666666.141.peg.2947 Probable site-specific serine recombinase-resolvase 
family protein 
Yes Chlamydiae/Verrucomicrobia 
group 
Candidatus 
Protochlamydia 
fig|6666666.141.peg.2952 phage integrase family protein Yes Unclassifed phage Bacillus prophage 
fig|6666666.141.peg.2953 DNA primase/helicase, phage-associated Yes Firmicutes Clostridium 
fig|6666666.141.peg.2958 Prophage LambdaBa04, site-specific recombinase, phage 
integrase family 
Yes Firmicutes Clostridium 
fig|6666666.141.peg.3137 Putative Holliday junction resolvase (EC 3.1.-.-) Yes Firmicutes Bacillus 
 
Strain FD-1     
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5172.peg.2835 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5172.peg.2243 Phage terminase large subunit Yes Firmicutes Anaerostipes 
fig|666666.5172.peg.2301 resolvase Yes Firmicutes Clostridium 
fig|666666.5172.peg.2343 Phage integrase Yes Firmicutes Bacillus 
fig|666666.5172.peg.2353 mobilization protein Mob 14-3 Yes n/a n/a 
fig|666666.5172.peg.2356 Integrase Yes Firmicutes Bacillus 
fig|666666.5172.peg.2531 Putative Holliday junction resolvase (EC 3.1.-.-) Yes Firmicutes Bacillus 
fig|666666.5172.peg.2618 mobilization protein No n/a n/a 
fig|666666.5172.peg.2619 Integrative genetic element Gsu5, resolvase Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|666666.5172.peg.2626 Relaxase/mobilization nuclease domain Yes Firmicutes Clostridium 
fig|666666.5172.peg.2740 Site-specific recombinase, DNA invertase Pin homolog Yes Firmicutes Anaerotruncus 
fig|666666.5172.peg.2794 possible mobilisation protein No n/a n/a 
fig|666666.5172.peg.2872 putative site-specific recombinase Yes Firmicutes Bacillus 
fig|666666.5172.peg.2873 site-specific recombinase, phage integrase family Yes Firmicutes Bryantella 
fig|666666.5172.peg.2876 Holin, toxin secretion/phage lysis Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.3007 Phage integrase Yes Firmicutes Clostridium 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5172.peg.3020 hypothetical protein, phage associated Yes Firmicutes Dorea 
fig|666666.5172.peg.3021 hypothetical protein, phage associated Yes Firmicutes Clostridium 
fig|666666.5172.peg.3022 DNA helicase, phage associated; Type III restriction 
enzme 
Yes Firmicutes Clostridium 
fig|666666.5172.peg.3023 Phage replicative DNA helicase, repA Yes Firmicutes Dorea 
fig|666666.5172.peg.3031 Terminase small subunit Yes Firmicutes Streptococcus 
fig|666666.5172.peg.3032 Phage terminase large subunit Yes Siphoviridae Lactobacillus 
fig|666666.5172.peg.3033 Phage minor capsid protein #Fam0015 Yes Firmicutes Anaerostipes 
fig|666666.5172.peg.3038 main capsid protein Gp34 Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.3048 Phage tail tape measure protein TP901, core region Yes Myoviridae Clostridium phage 
fig|666666.5172.peg.3292 phage shock protein A, PspA No n/a n/a 
fig|666666.5172.peg.3322 integrative genetic element Gsu5, resolvase Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|666666.5172.peg.3329 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5172.peg.3377 Phage integrase Yes Firmicutes Clostridium 
fig|666666.5172.peg.3428 site-specific recombinase, resolvase family, putative No n/a n/a 
fig|666666.5172.peg.3436 ORF-2 (putative integrase - GenBank) Yes Firmicutes Clostridium 
fig|666666.5172.peg.3771 phage integrase family protein Yes Firmicutes Staphylococcus 
fig|666666.5172.peg.3772 putative integrase/recombinase Yes n/a n/a 
fig|666666.5172.peg.3773 putative integrase/recombinase Yes Firmicutes Bacillus 
fig|666666.5172.peg.3775 putative integrase/recombinase Yes Firmicutes Staphylococcus 
fig|666666.5172.peg.3781 Site-specific recombinase, DNA invertase Pin related 
protein 
Yes Proteobacteria Salmonella 
fig|666666.5172.peg.3809 Integrase Yes Firmicutes Anaerococcus 
fig|666666.5172.peg.3815 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5172.peg.3824 resolvase Yes Firmicutes Clostridium 
fig|666666.5172.peg.3881 Site-specific recombinase, resolvase family Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|666666.5172.peg.163 mobilization protein Yes n/a n/a 
fig|666666.5172.peg.164 Phage integrase Yes Firmicutes Anaerococcus 
fig|666666.5172.peg.168 Phage integrase Yes Firmicutes Clostridium 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5172.peg.180 abortive lactococcal phage infection protein, N-terminal 
region 
Yes n/a n/a 
fig|666666.5172.peg.231 Relaxase/mobilization nuclease domain containing protein Yes Firmicutes Clostridium 
fig|666666.5172.peg.265 DNA polymerase, phage-associated Yes Firmicutes Clostridium 
fig|666666.5172.peg.266 Recombinase Yes Unclassified phage Geobacillus virus 
fig|666666.5172.peg.274 Recombinase Yes Firmicutes Clostridium 
fig|666666.5172.peg.285 Recombinase Yes Firmicutes Clostridium 
fig|666666.5172.peg.296 Prophage LambdaBa04, site-specific recombinase, phage 
integrase family 
Yes Firmicutes Clostridium 
fig|666666.5172.peg.441 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5172.peg.442 Integrase Yes Firmicutes Clostridium 
fig|666666.5172.peg.880 Phage protein Yes Firmicutes Anaerostipes 
fig|666666.5172.peg.881 DNA polymerase, phage-associated Yes Firmicutes Clostridium 
fig|666666.5172.peg.883 DNA primase/helicase, phage-associated Yes Firmicutes Blautia 
fig|666666.5172.peg.884 DNA helicase, phage-associated Yes Firmicutes Enterococcus 
fig|666666.5172.peg.886 phage holin, putative Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.898 terminase, large subunit, putative Yes Chloroflexi Dehalococcoides 
fig|666666.5172.peg.899 Phage terminase large subunit Yes Chloroflexi Dehalococcoides 
fig|666666.5172.peg.900 Phage portal protein Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.902 Prophage Clp protease-like protein Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.903 Phage major capsid protein #Fam0007 Yes Firmicutes Streptococcus 
fig|666666.5172.peg.904 DNA packaging protein, putative Yes Firmicutes Blautia 
fig|666666.5172.peg.907 prophage pi2 protein 38 Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.908 major tail protein, phi13 family Yes Chloroflexi Dehalococcoides 
fig|666666.5172.peg.911 tail tape measure protein, TP901 family Yes Firmicutes Dorea 
fig|666666.5172.peg.919 toxin secretion/phage lysis holin Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.971 predicted recombinase Yes Firmicutes Clostridium 
fig|666666.5172.peg.977 DNA primase/helicase, phage-associated Yes Firmicutes Ruminococcus 
fig|666666.5172.peg.1102 Integrase Yes Firmicutes Clostridium 
fig|666666.5172.peg.1107 DNA primase/helicase, phage-associated Yes Firmicutes Clostridium 
fig|666666.5172.peg.1108 phage integrase family protein Yes Firmicutes Carboxydothermus 
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 Table 4.2 (continued) 
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5172.peg.1115 Phage integrase Yes Firmicutes Carboxydothermus 
fig|666666.5172.peg.1170 putative site-specific recombinase Yes Firmicutes Bryantella 
fig|666666.5172.peg.1173 putative site-specific recombinase Yes Firmicutes Bacillus 
fig|666666.5172.peg.1211 Site-specific recombinase Yes Firmicutes Blautia 
fig|666666.5172.peg.1324 Putative phage protein No n/a n/a 
fig|666666.5172.peg.1331 ISSth1, transposase (orf2), IS3 family Yes Firmicutes Streptococcus 
fig|666666.5172.peg.1350 Phage portal protein Yes Chloroflexi Dehalococcoides 
fig|666666.5172.peg.1351 Prophage Clp protease-like protein Yes Firmicutes Anaerostipes 
fig|666666.5172.peg.1356 phage protein, similar to tail length tape measure protein Yes Firmicutes Dorea 
fig|666666.5172.peg.1378 transposase IS200-like Yes Proteobacteria Yersinia 
fig|666666.5172.peg.1483 IS66 Orf2 like No n/a n/a 
fig|666666.5172.peg.1484 transposase IS66 Yes Proteobacteria Photobacterium 
fig|666666.5172.peg.1495 transposase Yes Firmicutes Bacillus 
fig|666666.5172.peg.1502 IS66 Orf2 like No n/a n/a 
fig|666666.5172.peg.1536 Phage-related regulatory protein cII Yes Bacteroidetes Bacteroides 
fig|666666.5172.peg.1538 COG4584: Transposase and inactivated derivatives No n/a n/a 
fig|666666.5172.peg.1554 Site-specific recombinase Yes Firmicutes Bacillus 
fig|666666.5172.peg.1558 Recombinase Yes n/a n/a 
fig|666666.5172.peg.1569 Integrase Yes Firmicutes Blautia 
fig|666666.5172.peg.1578 Integrase Yes n/a n/a 
fig|666666.5172.peg.1673 Phage-related protein Yes Firmicutes Blautia 
fig|666666.5172.peg.1675 Integrative genetic element Gsu5, resolvase Yes Inoviridae Inovirus 
fig|666666.5172.peg.1701 Phage integrase Yes Firmicutes Carboxydothermus 
fig|666666.5172.peg.1940 Transposase subunit No n/a n/a 
fig|666666.5172.peg.1941 Transposase subunit Yes n/a n/a 
fig|666666.5172.peg.1946 putative phage minor head protein Yes Firmicutes Staphylococcus 
fig|666666.5172.peg.1947 COG4584: Transposase and inactivated derivatives No n/a n/a 
fig|666666.5172.peg.1958 Integrase Yes Firmicutes Bacillus 
fig|666666.5172.peg.1988 integrase Yes Firmicutes Anaerococcus 
fig|666666.5172.peg.2021 phage antirepressor protein, putative Yes Firmicutes Bacillus 
fig|666666.5172.peg.2033 Relaxase/mobilization nuclease domain Yes Firmicutes Clostridium 
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Table 4.2 (continued)    
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|666666.5172.peg.2058 Integrase Yes Siphoviridae Listeria phage 
fig|666666.5172.peg.2070 mobilization protein No n/a n/a 
fig|666666.5172.peg.2077 resolvase Yes Firmicutes Clostridium 
fig|666666.5172.peg.2099 integrative genetic element Gsu5, resolvase Yes Inoviridae Inovirus 
fig|666666.5172.peg.816 mobilization protein Yes n/a n/a 
 
Ruminococcus sp. 18P13     
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|6666666.593.peg.1 Transposase OrfAB, subunit B Yes n/a n/a 
fig|6666666.593.peg.10 Site-specific recombinase Yes Firmicutes Ruminococcus 
fig|6666666.593.peg.27 Phage integrase Yes Siphoviridae Listeria phage 
fig|6666666.593.peg.35 putative minor tail protein Yes n/a n/a 
fig|6666666.593.peg.187 phage shock protein A, PspA No n/a n/a 
fig|6666666.593.peg.198 Phage terminase large subunit Yes Firmicutes Anaerostipes 
fig|6666666.593.peg.684 Holin, toxin secretion/phage lysis Yes Firmicutes Clostridium 
fig|6666666.593.peg.728 Integrase Yes Siphoviridae Lambda-like viruses 
Enterobacteria phage 
fig|6666666.593.peg.735 Site-specific recombinase Yes Firmicutes Blautia 
fig|6666666.593.peg.940 Integrase, superantigen-encoding pathogenicity islands 
SaPI 
Yes Siphoviridae Clostridium phage 
fig|6666666.593.peg.976 Transposase Yes Proteobacteria Idiomarina 
fig|6666666.593.peg.1088 Site-specific recombinase Yes Firmicutes Anaerostipes 
fig|6666666.593.peg.1109 Integrase, superantigen-encoding pathogenicity islands 
SaPI 
Yes Siphoviridae Clostridium phage 
fig|6666666.593.peg.1153 phage integrase Yes Siphoviridae Mycobacterium phage 
fig|6666666.593.peg.1164 Phage-related protein Yes Myoviridae Clostridium phage 
fig|6666666.593.peg.1165 putative conjugative transposon mobilization protein Yes Firmicutes Clostridium 
fig|6666666.593.peg.1251 Resolvase, N-terminal domain protein Yes Firmicutes Clostridium 
fig|6666666.593.peg.1605 Phage antirepressor protein Yes Firmicutes Listeria 
fig|6666666.593.peg.1620 phage conserved hypothetical protein TIGR01671 Yes Siphoviridae Listeria phage 
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Table 4.2 (continued)    
Feature ID Function Hit to 
Virome? 
Identity of best hit1 Genus of best hit 
fig|6666666.593.peg.1631 Tail length tape measure protein Yes Firmicutes Eubacterium 
fig|6666666.593.peg.1637 Phage capsid protein #Fam0004 Yes Firmicutes Unclassified 
Erysipelotrichaceae 
fig|6666666.593.peg.1649 Integrase Yes Unclassified phages Bacillus prophage 
fig|6666666.593.peg.1692 Phage endopeptidase Yes Firmicutes Clostridium 
fig|6666666.593.peg.1694 Phage minor tail protein Yes Firmicutes Clostridium 
fig|6666666.593.peg.1705 Portal protein [Bacteriophage A118] Yes Firmicutes Clostridium 
fig|6666666.593.peg.1706 Phage terminase large subunit Yes Firmicutes Bacteroides 
fig|6666666.593.peg.1709 possible bacteriophage Mu GP27-like protein No n/a n/a 
fig|6666666.593.peg.1793 Putative Holliday junction resolvase (EC 3.1.-.-) Yes Firmicutes Bacillus 
fig|6666666.593.peg.1896 Probable integrase/recombinase Yes Firmicutes Clostridium 
fig|6666666.593.peg.1933 integrative genetic element Gsu5, resolvase Yes Myoviridae P1-like viruses 
Enterobacteria phage 
fig|6666666.593.peg.2018 Phage lysin, glycosyl hydrolase, family 25 Yes Firmicutes Clostridium 
1Identity of the virome sequence read was determined by tBLASTx comparison (E<0.001) to the non-redundant viral database.  The prophage phylum or viral 
family is listed where applicable. 
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• Introduced speakers during the forum. 
 
President, Swing Society at the University of Illinois.  2003-2004  
• Managed the 8 members of the officers’ board.  
• Coordinated lessons and dances for the Champaign-Urbana community. 
• Arranged for professional instructors from around the country to teach a swing dance 
workshop in Champaign-Urbana. 
 
Dance instructor, Swing Society at the University of Illinois.  2004-2007  
• Planned weekly swing dance lessons with co-instructor. 
• Taught weekly swing dance lessons to groups of 10-50 people and taught private 
lessons to individuals.
 
HONORS AND AWARDS 
 
• University honors, 2004 
• Member of Gamma Sigma Delta Honor Society of Agriculture, 2005-present.  
• Member of Phi Kappa Phi Honor Society, 2003 - present. 
• American Society of Animal Science Undergraduate Scholar Award, 2003 
• College of Agriculture, Consumer and Environmental Sciences Dean’s List, Fall 2000-
Spring 2003 
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